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Abstract 

Medical implants are widely used nowadays. Following tissue contact, proteins adhere 

to the device’s surface and surrounding cells become activated, causing an initial 

inflammatory host response. If this host response develops into a chronic inflammatory 

state, significant adverse effects such as implant rejection and loss might occur. The 

physico-chemical qualities of the biomaterials employed have a substantial influence 

on the degree of the immune response. Therefore, modulating surface properties such 

as topography or wettability may be a viable strategy for altering the immune response. 

However, the complex interrelation between surface properties, highly sensitive 

adsorption of proteins, and multifaceted immune response remains largely unresolved. 

This thesis aims at investigating the interplay of all three of these critical factors 

determining a device’s biocompatibility in order to enable effective modulation of the 

immune response to biomedical implants.  

 

In the first part of this thesis, investigation of the contributing role of different immune 

cell types identified monocytes/macrophages as essential mediators of the initial 

inflammatory response, while involvement of T and NK cells was just minor during this 

phase. Analysis of titanium dental implant specimen revealed surface-dependent 

immune responses related to wettability and roughness. In contrast, systematic 

analysis of the influence of surface roughness of polymer materials in the second part 

of the thesis showed similar immunological activation irrespective of the applied 

surface roughness throughout the tested range. This was independent of the biological 

complexity of the cell culture system used (macrophage cell line, PBMCs, whole 

blood). The final section of the thesis examined wettability-mediated effects on immune 

cell activity using PEM coatings and discovered that pro- and anti-inflammatory 

cytokine responses are highly dependent on wettability, with lower pro-inflammatory 

effects reported on the more hydrophilic PEM surface. Experiments using serum-free 

cell culture medium demonstrated that the observed effects are clearly dependent on 

the presence of serum proteins at the biomaterial surface. Significant changes in the 

type and amount of adsorbed proteins were discovered using mass spectrometry 

analysis. The observed immunological differences could be correlated with the 

presence of specific apolipoproteins at the surfaces, implying that apolipoproteins 

might play a significant role in the modulation of biomaterial immune responses. These 
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findings may aid in the targeted design of immunomodulatory surfaces to promote 

healing and implant integration. In addition, they place a larger emphasis on adsorption 

of proteins such as apolipoproteins as crucial class of immune cell mediators.  
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Zusammenfassung 

Die Nutzung medizinischer Implantate ist heutzutage weit verbreitet. Unmittelbar nach 

Gewebekontakt haften Proteine an der Oberfläche des Implantats an und es kommt 

zu einer Aktivierung der umgebenden Zellen, was zu einer initialen 

Entzündungsreaktion führt. Entwickelt sich diese Reaktion zu einem chronischen 

Entzündungszustand, können erhebliche negative Auswirkungen wie die Abstoßung 

und der Verlust des Implantats auftreten. Das Ausmaß der Immunreaktion wird dabei 

stark von den physikalisch-chemischen Eigenschaften der verwendeten 

Biomaterialien beeinflusst. Daher kann die Modulation von Oberflächeneigenschaften 

wie Topographie oder Benetzbarkeit eine praktikable Strategie zur Veränderung der 

Immunreaktion sein. Die komplexe Beziehung zwischen den Oberflächen-

eigenschaften, der hochsensiblen Adsorption von Proteinen, und der vielschichtigen 

Immunantwort ist jedoch noch weitgehend ungelöst. Ziel dieser Arbeit ist es, das 

Zusammenspiel dieser drei kritischen Faktoren, welche die Biokompatibilität eines 

Implantats bestimmen, zu untersuchen, um eine wirksame Modulation der 

Immunantwort auf biomedizinische Implantate zu ermöglichen.  

 

Im ersten Teil dieser Arbeit wurde die Rolle der verschiedenen Immunzellarten 

untersucht, wobei Monozyten/Makrophagen als wesentliche Vermittler der initialen 

Entzündungsreaktion identifiziert wurden, während die Beteiligung von T- und NK-

Zellen in dieser Phase nur gering war. Die Untersuchung von Zahnimplantatproben 

aus Titan offenbarte oberflächenabhängige Immunreaktionen in Abhängigkeit von 

Benetzbarkeit und Rauheit. Im Gegensatz dazu zeigte die systematische Analyse des 

Einflusses der Oberflächenrauheit von Polymermaterialien im zweiten Teil der Arbeit 

eine ähnliche immunologische Aktivierung, unabhängig von der untersuchten 

Oberflächenrauheit im gesamten Testbereich. Diese war unabhängig von der 

biologischen Komplexität des verwendeten Zellkultursystems (Makrophagenzelllinie, 

PBMCs, Vollblut). Der letzte Teil der Arbeit untersuchte die durch die Benetzbarkeit 

vermittelten Auswirkungen auf die Aktivität von Immunzellen unter Verwendung von 

PEM Beschichtungen und stellte fest, dass pro- und anti-inflammatorische 

Zytokinreaktionen in hohem Maße von der Benetzbarkeit abhängig waren, wobei die 

pro-inflammatorischen Effekte bei Oberflächen mit größerer Hydrophilie geringer 

ausfielen. Experimente mit serumfreiem Zellkulturmedium zeigten, dass die 
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beobachteten Effekte eindeutig von der Anwesenheit von Serumproteinen auf der 

Biomaterialoberfläche abhängig sind. Mittels massenspektrometrischer Analyse 

wurden signifikante Veränderungen in der Art und Menge der adsorbierten Proteine 

festgestellt. Die beobachteten immunologischen Unterschiede konnten mit dem 

Vorhandensein spezifischer Apolipoproteine auf den Oberflächen korreliert werden, 

was darauf hindeutet, dass Apolipoproteine eine wichtige Rolle bei der Modulation der 

Immunantwort von Biomaterialien spielen könnten. Diese Ergebnisse könnten die 

gezielte Konzipierung immunmodulatorischer Oberflächen unterstützen, um die 

Heilung und Implantatintegration zu fördern. Darüber hinaus legen sie einen größeren 

Schwerpunkt auf die Adsorption von Proteinen wie Apolipoproteinen als 

entscheidende Klasse von Immunzellmediatoren. 
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1 Introduction 

Preface 

For several decades, the use of biomaterials in the treatment of medical pathology or 

malfunction has been well established as standard procedure. Even though there is a 

relatively high success rate for the majority of implants, implant failure, or the 

development of patient side effects, remains a critical issue in the field.1–3 Upon 

implantation into the body, all materials inevitable initiate a host response. The extent 

and type of immune response experienced plays a major role in determining a medical 

device’s biocompatibility. This host response includes adsorption of plasma proteins to 

the implant surface as the first interaction between the body and the foreign material. 

Following this, inflammatory cell migration occurs, which can induce acute 

inflammation and may result in a foreign body reaction.4 In this regard, the nature of 

the response by the immune cells recruited to the implant site plays a deciding role in 

whether the material will successfully perform its intended function after the primary 

inflammatory response is resolved, or whether adverse immune responses will occur. 

Adverse immune responses often result from chronic excessive inflammation and can 

lead to fibrotic encapsulation, tissue destruction, or even isolation and rejection of the 

medical device.5,6 In this context, the surface characteristics of the biomaterial are 

crucial in influencing the early immune response following implantation.4,7 Physico-

chemical properties on the surface of the implant, including surface roughness and 

wettability, can influence the immune response towards a biomaterial, resulting in 

either a pro-healing and tissue regenerative response or in the development of chronic 

inflammation being associated with negative effects on wound healing, tissue 

homeostasis, bone implementation and implant stability.4,7,8 Therefore, one strategy 

for modulating the host response to materials is the modification of material 

surfaces.7,9,10 Rather than developing entirely new materials, surface modification may 

provide an effective technique of imparting materials with favourable physical 

properties resulting in a substantially improved degree of biocompatibility. To enable 

finely tuned immune strategies, a more in depth understanding of the processes taking 

place at the interface between biomaterial and the immune system is required.  



1 Introduction 

4 
 

1.1 Biocompatibility of medical devices 

Biomaterials are distinguished from other classes of materials by their capacity to be 

exposed to human body tissue without causing an unacceptable degree of harm to 

those tissues. This characteristic of both the biomaterial and the biological host system 

is termed biocompatibility and is defined by the Williams Dictionary of Biomaterials as 

“the ability of a material to perform with an appropriate host response in a specific 

application”.11 Immediately following biomaterial contact, a generic host response is 

initiated, which can be caused by the adsorption and desorption of host proteins at the 

biomaterial surface, the adhesion of platelets and components of the complement 

system, the exposure of mechanical forces, or the partial degradation of the 

biomaterial. Most essential factor in the development of the host response towards a 

biomaterial implant is the human immune system. In the progression of the host 

response, the activity of the immune system determines if the host response will be 

resolved and the medical device tolerated and successfully integrated into the body, 

or if the host response develops into a chronic state, causing clinically relevant side 

effects for the patient. These adverse effects may include the formation of 

inflammation-promoting foreign body giant cells, the deposition of excessive 

granulation tissue leading to fibrotic encapsulation, the destruction of peri-implant 

tissue, or the triggering of allergic reactions, all potentially leading to the rejection of a 

medical device.12,13 Figure 1 depicts a schematic representation of the processes that 

define implant biocompatibility.  
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Figure 1: Biocompatibility of medical devices. The contact between biomaterial and 

host initiates a tissue response. Causative events can be mechanical forces, the 

adsorption of specific proteins, the adhesion of a broad spectrum of cell types, or the 

degradation of the material. As the host response progresses, there may be clinically 

acceptable outcomes associated with medical device tolerance or excessive activation 

associated with clinically unacceptable symptoms for the patient. Adapted from 

Williams (2014).13 

 

The type of immune response elicited by a certain biomaterial – and thus its 

biocompatibility – strongly depends on several characteristics of the biomaterial 

surface like topography, surface energy, charge and wettability (Figure 2).4,8,14–16 Since 

these characteristics can often be modulated without impairing the intended function 

of the medical device, they provide potential cues to direct implant biocompatibility. For 

the manufacturing of implants, a thorough understanding of the interplay between 

surface characteristics and immune response is required. However, adjusting more 

than one of the surface features at the same time can result in combinatorial effects 

that make predictions about the expected immunological response challenging. As a 

result, our understanding of surface-related processes is still limited. To gain a better 

understanding, the influence of each individual surface parameter must be investigated 

separately. The biological effects of the parameters surface topography and wettability 

known so far are described in detail in the following sections. 

Figure 2: Biomaterial properties with potential influence on the host response. 

Surface-specific characteristics like wettability, charge, topography and chemistry are 

known modulators of the immune response towards medical devices. Adopted from 

Nouri and Wen.14 
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1.1.1 The role of surface topography 

Surface topography refers to the three-dimensional structure of a material's surface. 

Topographical characteristics can be organized, such as pillars, grooves and pores, or 

they can be randomly dispersed, such as peaks, valleys and cavities. Surface 

roughness, which pertains to the texture of the uppermost layer of a material and is 

quantified by measuring protrusions and depressions at the surface, is a common 

parameter used to describe substrate topography. Common techniques investigating 

surface roughness include stylus profilometer, atomic force microscopy (AFM), and 

optical methods like confocal scanning microscropy.17 The Ra value, which reflects a 

surface's average roughness in 2D dimension, is the most common roughness 

parameter in the biomaterial field and will be used in this work as well. However, 

roughness can also be quantified using a variety of other metrics.  

 

Surface topography of a medical device has far-reaching effects on adhesion, motility, 

proliferation, differentiation and gene expression of various cellular populations of the 

host, which all play an essential role in the successful integration, tissue healing and 

biocompatibility of an implant material.18,19 As such, implant topography has been 

shown to influence differentiation and proliferation of osteoblasts. Osteoblasts are 

crucial regulators of osseointegration, determining the stability of bone implants such 

as dental implants or hip replacements. It was found that the roughness of biomaterial 

surfaces impairs osteoblast attachment, proliferation and differentiation, as well as 

cytokine and growth factor production, thus affecting bone healing and integration of 

the implant.20 For bone implants, an increase of surface roughness is generally 

associated with improved osseointegration and bone regeneration.21 This was also 

observed in patients, where titanium specimens of a certain degree of roughness 

clearly improved bone response and osseointegration of dental implants compared to 

smooth specimens.22,23 A further cell population influencing biocompatibility are the 

fibroblasts. In the context of biomaterials, these cells modulate the deposition of 

extracellular matrix surrounding the implant side, an effect that, if done excessively, 

can lead to severe tissue fibrosis.24 Several studies demonstrated the activity of 

fibroblasts to be affected by the surface topography of the biomaterial used. Fibroblasts 

were significantly elongated, adhered more strongly, expressed elevated levels of 

fibronectin, increased extracellular matrix synthesis and upregulated proliferation when 
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cultured on grooved or micropatterned surfaces, generally showing increasing 

activation with decreasing height or size of the topographical features.25–27 This effect 

can also be observed in vivo in breast implant recipients where fibroblast activity 

determines ECM formation and encapsulation of the implant, thus contributing to 

capsular contracture and fibrosis.28 Studies investigating the effect of surface 

topography on capsular contracture in response to breast implants revealed 

diminished fibroblast activation, suppressed foreign body response and reduced 

capsule formation on textured silicone surfaces compared to smooth implants.29,30 

These findings highlight the critical role of surface topography in cell–surface 

interactions. A modification of biomaterial surface topography could be utilized to 

control the cellular host response to a medical device, and hence implant 

biocompatibility (see Chapter 4 for the modulation of biomaterials). However, the 

cellular response to topographical changes is dependent of the cell-type. 

 

The myeloid population of monocytes and macrophages, both representing major 

players in the host immune response towards biomaterials (see Chapter 1.3), has also 

been shown to interact with biomaterial topography. It was observed that, in general, 

macrophages prefer to adhere to rough surfaces rather than flat topographies, 

independent of the biomaterial substrate.31 In addition, migration, proliferation, gene 

expression and secretion of inflammation-inducing or inflammation-dampening 

cytokines and chemokines are clearly affected by micron-scale topography.32 

However, the effect of individual topographical parameters on the emerging immune 

response is still not fully understood. While some studies observe an initially increased 

release of pro-inflammatory cytokines in response to enlarged surface roughness, the 

effects on individual cytokines and the time point of expression can differ 

significantly.33,34 In addition, many in vitro biocompatibility studies focus on cell 

adhesion but do not address immunological effects. Moreover, studies regarding 

immunological responses to surface topography are often conducted using cell lines 

only,33,35,36 while results with primary immune cells are limited. 

1.1.2 The role of surface wettability 

Another essential regulator of the host response to medical devices is surface 

wettability. Wettability is the behaviour of liquids in contact with the surface of solid 

materials, and is determined by surface tension / energy and a force balance between 
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adhesive forces between liquid and solid as well as cohesive forces within the liquid.37 

The most common approach to gain insight into the wetting behaviour of a solid 

material is the contact angle measurement using the sessile drop technique, which 

quantifies the angle between the tangent of a drop (typically water) at the 

solid/liquid/gas boundary and the horizontal baseline of the solid surface (Figure 3).38 

Surfaces with water contact angles lower than 90° are designated as hydrophilic, while 

surfaces with contact angles above 90° are considered hydrophobic. Other surface 

characteristics like surface roughness and chemical heterogeneity can influence the 

wettability of a material.  

Figure 3: Characterisation of surface wettability. Wettability of a biomaterial is 

quantified by measurement of the contact angle θ between liquid phase (water droplet), 

gas phase (usually air), and the solid material. Surfaces with a contact angle above 

90° possess low wettability and are considered hydrophobic, while surfaces with a 

contact angle below 90° possess a high level of wettability and are considered 

hydrophilic. Adopted and modified from Rupp et al.38  

 

Similar to roughness, surface wettability influences the adhesion of osteoblasts,39 

endothelial cells,40 and fibroblasts.41 Moreover, especially monocytes and 

macrophages as essential components of the immune response to biomaterial 

substrates were discovered to be responsive to variations in surface wettability. This 

includes changes in adhesion, migration, and polarization of these cells, thus directly 

affecting biocompatibility.42,43 In general, hydrophilic surfaces are related with 

enhanced cell adhesion and anti-inflammatory properties.44–46 Comprehensive 

proteomics investigations demonstrated that when macrophages were cultivated on 

surface-modified polymers with hydrophobic, hydrophilic, and/or neutral chemistries, 

their protein expression profiles and cytokine/chemokine responses changed.43 

Surface wettability modification, induced by specific treatments or coatings, can thus 
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be a useful strategy for guiding the immunological activation and the general host 

response toward a favourable outcome (see Chapter 1.4.2).  

 

However, in the interpretation of their results, many studies on surface wettability relate 

their findings to alterations of wetting behaviour only, ignoring the fact that the surfaces 

investigated in the respective studies often differed in terms of topography, chemistry, 

and other physicochemical variables as well, all of which can influence the 

immunological outcome in addition. This can lead to contrary findings. While one study 

on the wettability of silicone lenses found hydrophilic lenses to have beneficial 

immunological effects and enhance their biocompatibility compared to hydrophobic 

ones,47 another study claimed that hydrophilic lenses led to a larger percentage of 

patients with inflammatory side effects than hydrophobic lenses, thus proposing a 

higher biocompatibility for the more hydrophobic implants.48 These apparently 

contrasting results highlight a common problem in biomaterial-immune interaction 

research and increase the need for specific investigations to pinpoint immunological 

effects to surface wettability only. 

1.2 Protein adsorption to biomaterial substrates 

The host response to specific surface properties is not caused by direct contact 

between the surrounding cells and the biomaterial, but is mediated by an intermediate 

factor: the layer of adsorbed proteins on the material's surface. Immediately after 

implantation, a biomaterial substrate inevitable gets in contact with plasma proteins, 

interstitial fluids, and proteins of the extracellular matrix. These proteins form a 

protective coating, surrounding the implant, preventing direct contact between the 

material and the cells and providing the surface with a new biological identity.49 Hence, 

the only surface dependent stimulus available to adherent host cells is the naturally 

occurring adsorbed protein layer, whose affinity, composition and conformation is 

dependent upon physico-chemical surface characteristics and the properties of the 

specific proteins.50 Understanding the fundamental principles of protein adsorption 

may allow a more guided protein deposition to influence subsequent biological 

processes such as cell contact and immune response in vivo. 
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1.2.1 Surface-dependent adsorption of plasma proteins  

Material properties have a considerable impact on the protein layer's composition. 

Several reviews precisely describe the principles underlying biomaterial-protein 

interactions.51–53 In particular, surface energy, polarity, wettability, charge and 

roughness have been characterized as key determinants of protein absorption. 

Substrates with more topographical features will expose more surface area for possible 

interaction with proteins while differences in wettability influence the affinity of 

individual proteins to a biomaterial. As a consequence, adsorption of plasma proteins 

such as albumin, fibronectin/fibrinogen, immunoglobulins and others is altered on 

hydrophobic surfaces compared to hydrophilic substrates.54 In general, hydrophobic 

materials are thought to be more protein-adsorbent than hydrophilic materials because 

of the strong hydrophobic interactions that occur at their surfaces, which results in a 

gain of entropy in the system.55,56 In addition to affinity, wettability can also alter the 

structural confirmation of the adsorbed proteins. Hydrophilic surfaces, for example, are 

thought to promote protein attachment in its natural state, whereas proteins on 

hydrophobic surfaces frequently undergo conformational reorientation.54 As the protein 

conformation determines which receptor binding sites are available for immune cells 

like monocytes and macrophages, the conformational state can influence the activation 

of the surrounding tissue cells (Figure 4).  

Figure 4: Effect of wettability on protein adsorption and cell adhesion. In contact 

with blood and biological fluids, hydrophilic surfaces tend to provoke protein adsorption 

in a conformational state that exposes adhesion motifs and improves cell attachment. 

Hydrophobic surfaces on the other side can partially denature proteins, making cell-

binding sites less accessible and result in decreased cell adhesion. Adopted and 

modified from Gittens et al.57  
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When studying protein adsorption to a biomaterial surface, it is important to note that 

the layer of adsorbed proteins is not a static state but a kinetic phenomenon involving 

a succession of adsorptions and displacement steps until a "steady state" is reached: 

This is known as the Vroman effect. The effect describes that proteins with a high 

concentration but a low affinity for a surface are gradually displaced, whereas proteins 

with a low concentration but a high affinity for a surface might accumulate over 

time.58,59 While numerous studies demonstrated surface-dependent effects on 

individual protein adsorption, only a few had looked at the composition of the protein 

layer on a biomaterial exposed to the whole spectrum of human serum proteins. 

However, as proteins can affect each other's adsorption patterns, and due to the 

Vroman effect, data from studies examining the adsorption kinetics of individual 

proteins are rarely applicable to the actual situation in vivo. Therefore, it is crucial to 

investigate adsorption from heterogeneous protein mixtures such as human serum in 

order to anticipate in vivo adsorption, and thus the biological response to the implant. 

1.2.2 Protein-dependent effects on immunological responses 

The presence of specific serum proteins on the surface of a biomaterial substrate has 

a significant impact on the immunological response of the host. As such, adsorbed 

proteins mediate coagulation, the deposition of proteins of the complement system, 

and the adhesion of platelets, all affecting the biocompatibility of a device.54 For the 

initial immune response, the adhesion rate of immune cells is a critical factor. Cellular 

adhesion and activation are determined by the presence of adsorbed protein ligands 

on a surface in conjunction with expressed cellular receptors. These events set the 

foundation for the further course of the inflammatory response. The presence of 

specific adhesive proteins affects the adhesion, differentiation and survival of 

macrophages and the formation of foreign-body giant cells (FBGC); effects which can 

contribute to the degradation of a material surface.60–62 Furthermore, protein layer-

dependent immune cell adhesion is a decisive factor in the cytokine response and 

impacts the generation of pro-inflammatory signalling molecules, thus modulating 

inflammatory and wound healing responses.63 Due to altered protein binding, 

hydrophilic surfaces for example were observed to significantly inhibit leukocyte 

adhesion and macrophage fusion, which resulted in decreased cytokine secretion and 

attenuated inflammatory reactions.61,64 These results highlight the importance of 

protein adsorption in the progression of the host response towards a biomaterial. 
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However, knowledge about the specific immunological effect of individual proteins 

adhered to a biomedical substrate is limited to a very small number of human serum 

proteins. For the bulk of serum compounds, however, effects on immune cells following 

adsorption onto material surfaces is unknown.  

1.3 Immunological response to biomaterials 

Classically known for its defence against bacterial and viral infections, the immune 

system is also activated by foreign bodies such as implanted biomaterials. The 

processes underlying the immune response to biomaterials are schematically depicted 

in Figure 5. Upon implantation into the body, the injury through the surgical procedure 

initiates an inflammatory response. Within nanoseconds after the first contact, blood 

proteins and coagulation factors adhere to the surface (described in Chapter 1.2) and 

a provisional matrix is formed. Subsequently, inflammatory cells – predominantly 

neutrophils and monocytes – migrate towards the implant side, guided by 

chemoattractants, injured cells, mast cell degranulation, the presence of complement 

proteins, and autocrine attraction. At the implant site, these cells are responsible for 

the acute inflammatory response.4,7 Depending on the foreign material characteristics 

and the layer of adsorbed proteins, neutrophils and monocytes adhesion and their 

subsequent cell activation are mediated via integrin receptors.5 Activated monocytes 

mature into macrophages and, in synergistic effects with neutrophils, direct the 

chemotaxis of additional monocytes and macrophages by secreting effective 

chemoattractants and inflammatory cytokines like IL-6, IL-8, MCP-1 or MIP-1β (see 

Table 1 for a list of essential pro- and anti-inflammatory cytokines).43,65 These cytokines 

and chemokines characterise the initial inflammatory response and are therefore 

frequently used as read out parameters in experimental and clinical research. 

Circulating monocytes are attracted by these chemoattractants, become activated and 

differentiate into pro-inflammatory macrophages (M1-like). Both myeloid cell types 

have the ability to initiate subsequent inflammatory responses such as the activation 

of the adaptive immune system by recruiting B and T cells from the blood by producing 

additional immunomodulating cytokines. The interaction between activated 

macrophages and lymphoid cells is an important regulator in immune response 

progression that should not be overlooked.66 
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Figure 5: Overview of the immunological response to biomaterials over time. 

Implantation of a biomaterial triggers an acute inflammatory response, which is 

mediated by adsorbed proteins, platelet adhesion, mast cells, and polymorphonuclear 

leukocytes like neutrophils. Mononuclear cells are recruited by chemokines and growth 

factors. Activated inflammation-inducing M1-like macrophages, FBGCs, and TH1 

lymphocytes can all contribute to a persistent state of inflammation, promoting tissue 

fibrosis and implant rejection. Based on beneficial material properties and other 

factors, the initial inflammation can also be followed by the secretion of immune-

dampening stimuli and macrophage polarisation to a pro-healing phenotype (M2-like), 

inducing successful tissue regeneration. Adopted from Vishwakarma et al.9   
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These initial immunological responses can be observed in a similar way for most 

biomaterials. However, they do not represent the end of the immunological activity and 

can continue in a variety of ways. Following the initial inflammatory phase, the 

accumulation of large numbers of activated macrophages on the surface can lead to 

macrophage fusion, which results in the formation of FBGCs, a hallmark of chronic 

inflammation. FBGCs can release mediators of degradation such as reactive oxygen 

intermediates and degradative enzymes.4 Together with further inflammatory signals 

from macrophages of a pro-inflammatory phenotype, this can develop into a phase of  

chronic inflammation and can finally promote the formation of fibrotic tissue.5 However, 

the initial inflammatory phase does not necessarily have to progress to a chronic state. 

Beneficial material properties, the stimulatory activities of specific T cells, and other 

factors can all contribute to a reduction in the inflammatory response in its early phase. 

The release of anti-inflammatory cytokines like IL-4 and VEGF can result in the 

formation of pro-healing macrophages (M2), which can dampen the immune response 

and can lead to effective tissue regeneration.4,5 The decision whether the initial 

inflammation resolves or persists as a chronic inflammation is determined by a variety 

of material-related parameters (see Chapters 1.1 and 1.2) and the cellular response. 

At the cellular level, the population of monocytes/macrophages plays a key role in this 

process due to their multifaceted reactions. Depending on their polarisation and 

activation state, they can either promote inflammatory effects like pro-inflammatory 

cytokine secretion and activation of additional immune cells, or induce inflammation-

dampening effects like secretion of anti-inflammatory cytokines, improved bone 

regeneration or enhanced wound healing, thereby significantly influencing 

biocompatibility.67,68 While the general concepts of the immune response are relatively 

well established, the precise effects of individual material characteristics and the 

specific interplay of the diverse sets of immune cell populations after contact with 

biomaterials are often still unknown. 

Cytokine Full name Function References 

IL-1β Interleukin 1β 

Important mediator of the inflammatory response.  
Involved in a variety of cellular activities, including cell 
proliferation, differentiation, and apoptosis. Triggers secretion of 
IL-6 and IL-8. Produced by activated macrophages.  

69,70 

IL-6 Interleukin 6 

Central role in activating and maintaining the inflammatory 
response. Promotes lymphocyte and monocyte differentiation. 
Anti-inflammatory effects by reducing neutrophil recruitment. 

71–73 

IL-8 Interleukin 8 

Key mediator of the inflammatory response. Involved in acute 
inflammation. Induces neutrophil recruitment.  

Can be produced by every cell with a Toll-like receptor.  

74–76 
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MCP-1 
Monocyte chemo-
attractant protein 1 

Promotes inflammatory effects. Key chemokine regulating 
migration and infiltration of monocytes, T cells and NK cells. 
Potent factor in the polarisation of T cells.  
Secreted by monocytes, macrophages and dendritic cells. 

77 

MIP-1β 
Macrophage inflam-
matory protein 1β 

Chemoattractant for NK cells, monocytes and lymphocytes.  
Enhances local inflammatory response. Produced by 
monocytes/macrophages but also other immune cells.  

78 

TNF-α 
Tumour necrosis 
factor α 

Inflammatory cytokine. Mediation of cell survival and pro-
inflammatory response. Produced by macrophages/monocytes 
and T cells during acute inflammation.  

79,80 

IL-4 Interleukin 4 

Anti-inflammatory cytokine. Diminishes inflammatory responses. 
Regulates cell proliferation, apoptosis, and gene expression of 
lymphocytes and macrophages.  

Mainly produced by activated T cells. 

81,82 

IL-10 Interleukin 10 

Anti-inflammatory cytokine. Prevents release of IL-8 and TNF-α. 
Inhibits activation and differentiation of T cells, B cells, NK cells, 
and granulocytes. Promotes differentiation of regulatory T cells. 

Produced by almost all types of leukocytes. 

83,84 

VEGF 
Vascular endothelial 
growth factor 

Promotes wound healing. Key regulator of angiogenesis.  85 

Table 1: Overview of important cytokines / chemokines and their function in the 

immune response to biomaterials. IL-4 and IL-10: anti-inflammatory cytokines. 

VEGF: wound healing marker. All remaining cytokines mediate pro-inflammatory 

effects.  

1.3.1 Adverse effects of an excessive immune response 

Neutrophil activity, monocyte/macrophage polarization, and lymphocyte differentiation 

into specific phenotypes can all directly affect the biocompatibility of a medical device. 

Excessive inflammatory activation (also known as foreign body reaction/response) can 

impair healing, promote tissue loss, induce fibrotic encapsulation, or even cause the 

medical device to be rejected. This excessive activation can occur regardless of the 

kind of biomaterial or the site of implantation. Patients with dental implants, for 

example, are frequently affected by peri-implantitis, a pathologic condition 

characterized by persistent excessive inflammation of the peri-implant tissue, which 

leads to progressive loss of supporting bone and, if left untreated, can cause implant 

loosening.86 Excessive inflammation can also be a severe side effect of other medical 

devices that are implanted in the bone. As a result of a persistent inflammatory 

condition, increasing osteolysis can cause implant loosening 10 to 20 years following 

total hip arthroplasty, resulting in a complete loss of implant functionality.87 This 

condition, known as aseptic loosening, is responsible for more than 70% of hip 

revisions, which entails an additional health burden for the patient.88 Aseptic loosening, 

which is frequently induced by the presence of wear particles, is initiated by the cellular 
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response of monocytes and macrophages and involves the release of substantial 

amounts of osteoclastogenic and inflammatory cytokines. This activation results in 

increased osteoclast recruitment and activity around bone-implant interfaces, leading 

to osteolysis and implant instability.89 

 

Excessive immunological activity might also lead to complications in other regions of 

the body, such as soft tissue. The most prevalent failures in female breast replacement 

are fibrotic encapsulation and capsular contracture formed around silicone implants. 

Histological studies have shown that increased capsular thickness is mainly found in 

patients with a severe inflammatory reaction at the implant side.90 Patients with this 

finding also have a higher frequency of clinical symptoms. In general, the host’s 

inflammatory response to the material is the primary driver of implant biocompatibility 

and the development of patient side effects for all types of medical implants. The 

magnitude of the inflammatory reaction has a significant impact on implant integration 

and performance. Further research regarding the modulation of material 

biocompatibility is required to reduce the risk of an excessive pro-inflammatory 

response. 

1.3.2 Immune cell populations and the PBMC in vitro model 

The immune response to biomaterial implants, as discussed in Chapter 1.3, is a well-

coordinated process involving many distinct types of immune cell players. Thus, 

comprehensive in vitro studies on the biomaterial-host interaction require the use of 

complex models that encompass a wide spectrum of immune cell types. Peripheral 

blood mononuclear cells (PBMCs) are a type of immune cell suspension that includes 

myeloid cells (monocytes and macrophages), lymphocytes (T cells and B cells), 

dendritic cells, and natural killer (NK) cells. The PBMC cell suspension, which can be 

extracted directly from human blood using density gradient centrifugation, serves as a 

useful model to explore complex immunological interactions. Besides of its complexity, 

another advantage of the PBMC model is that it contains primary cells, as opposed to 

widely used cell line models. As shown in several studies, the choice of cellular model 

can impair the immunological outcomes. Comparisons between primary PBMC-

derived monocytes and THP-1 cell line monocytes revealed differences in gene 

expression and cytokine secretion.91,92 Thus, it is thought that the use of primary cells 

such as those in the PBMC model more closely resembles the in vivo situation. 
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1.4 Modulation of biomaterials for targeted application 

The more we know about the interactions between material properties, immune 

response and tissue sensitivity, the more efforts are made to therapeutically improve 

the biocompatibility of medical devices. Turning away from designing ‘biologically inert’ 

biomaterials, the major goal today is the engineering of ‘immune interactive’ surfaces 

that harness the therapeutic effects of modifying the inflammatory response towards 

healing and regeneration.93,94 Various strategies are currently developed to modulate 

the immune response in a passive way, for example by specific surface treatments or 

the application of coatings of organic or inorganic origin (Figure 6). These modulations 

of biomaterial surface properties often aim at limiting macrophage activation and fusion 

to FBGCs. Attempts are also undertaken to actively mitigate cell behaviour by the 

release of bioactive agents and pharmaceuticals at the implant side, either by 

application as a coating or by delayed release in degradable devices.9 All strategies 

require a precise understanding of the effect of specific surface parameters for 

effective targeted modulation. 
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Figure 6: Schematic view of possible strategies for targeted modulation of 

biomaterials. Activity of immune cell populations in response to biomaterials can be 

mitigated in different ways. (1) Changes in physical properties such as topography and 

wettability modulate protein adhesion and thus polarisation of macrophages. The use 

of non-biofouling coatings to prevent protein adhesion (2.1), the deposition of 

biomimetic extracellular matrix components to disturb M1 activation of macrophages 

(2.2) and the application of hydrogels to prevent biomaterial-immune cell interaction 

(2.3) are approaches to alter the surface chemistry. Surfaces can also actively 

modulate immunological processes by the controlled release of anti-inflammatory 

agents through specific coatings (3.1) and embedded particles (3.2) or gene delivery 

systems (3.3). The use of embedded immune cells – although not widely applied yet – 

is another option for targeted modulation (4). Adapted from Vishwakarma et al.9 

 

1.4.1 Surface treatments 

As shown in chapters 1.1.1 and 1.1.2, surface properties have a significant impact on 

the nascent immune response. Depending on the nature of the material used, surface 

properties can be intentionally modified by a variety of techniques. This enables a more 

in-depth analysis of the link between the material surface and the immune system in 

experimental setups, and is a current strategy to alter the immune response of implants 

to improve clinical application. Mechanical surface treatments such as acid etching or 

sandblasting for example can be used to modify physicochemical features. These 

approaches increase the roughness of metallic surfaces, which has been linked to 

altered cellular adhesion of osteoblasts, endothelial cells and fibroblasts compared to 

smooth or polished surfaces.95–97 Imprinting of structures on polymers using 

lithographic methods is another treatment to induce topographical alteration, which 

was shown to impair macrophage adhesion and morphology.34 Besides of topography-

modulating treatments, chemical modifications can be used to alter immune cell activity 

by changing surface energy and wettability of devices. Depending on type and surface, 

plasma treatment was observed to promote M1-like or M2-like macrophage 

differentiation.98,99 Similarly, chemical modification using photograft copolymerisation 

can be used to alter the immune response of monocytes and macrophages.100 These 

relatively simple techniques are representatives of the large spectrum of biomaterial 

treatments, and their immunological effects are further characterized in Chapter 3.  
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1.4.2 Surface coatings 

The use of specific surface coatings is another method for altering surface 

characteristics and modulating the immune response to biomaterials. A passive 

approach is the use of non-fouling biological coatings like low-inflammatory proteins, 

polymeric films or hydrogels that can be used to prevent protein adsorption and 

corresponding downstream inflammatory responses. As such, semipermeable 

hydrogel surface coatings were able to diminish fibrinogen adsorption and human 

macrophage adhesion in vitro while also attenuating acute phase leukocyte adhesion 

and pro-inflammatory cytokine response in vivo.101 Other passive coating strategies 

use the structure of the extracellular matrix (ECM) as a model, since coatings that 

mimic or directly use ECM components can generate a microenvironment that 

promotes natural wound healing and repair mechanisms. The presence of hyaluronan 

at the biomaterial surface, for example, can significantly reduce chronic M1 activation 

of macrophages and even stimulate M2-related cytokine release.102  

 

A promising candidate for the targeted modulation of biocompatibility are coatings 

composing of polyelectrolyte multilayers (PEMs). Two types of alternatively charged 

polyelectrolytes can be sequentially deposited on biomaterial surfaces, where they 

self-assemble and form thin polymer film coatings due to the electrostatic interactions 

between the cationic and anionic charged polyelectrolytes.103 To assemble PEMs, 

virtually any combination of cationic and anionic polyelectrolytes from synthetic and 

naturally occurring polymers can be employed. Due to their versatile nature, PEM 

coatings provide a powerful tool to modulate cell adhesion and host response. Being 

deposable on nearly any type of implant independent of biomaterial characteristics, 

PEMs have been found to change protein adsorption to biomaterial substrates104 and 

modulate the surface adhesion, cellular differentiation and viability of monocytes,105 

fibroblasts,106 endothelial cells107 and osteoblast-like cells.108 As a result, PEM coatings 

possess the ability of regulating the inflammatory response, paving the way for tissue 

engineering applications. A significant benefit of PEMs is the easy and precise 

adjustment of their physico-chemical surface properties by the choice of polyelectrolyte 

substrate and the pH of the assembly solution.109 This can be used to impart specific 

surface properties to biomaterials in order to guide the immune response in a desired 

direction (Figure 7). Due to their ability of targeted modification, PEM coatings could 
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also prove to be a suitable tool to identify key effectors of biocompatibility. Their ability 

to specifically alter surface properties was used in this work to explore the influence of 

wettability on the adsorption of serum proteins and the elicited immune response, 

integrating three important parameters affecting implant biocompatibility. 

Figure 7: Schematic overview of the generation and application of PEMs. PEM 

coatings are generated by the alternating deposition of cationic and anionic 

polyelectrolytes (see left side). By choice of polyelectrolyte substrates and adjustment 

of the pH of the assembly solution, coatings of different surface properties can be 

created. As such, different PEMs can promote or inhibit the adhesion of specific cell 

types and influence the adsorption of specific proteins. Graphic adapted and modified 

from Criado-Gonzalez et al. and Guo et al.110,111 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

Objectives of the thesis 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 Objectives of the thesis 

23 
 

2 Objectives of the thesis 

The aim of this thesis was the development of a fundamental understanding of immune 

responses to biomaterial surfaces in the context of different classes of medical implant 

devices. The influence of surface characteristics, the role of adsorbed proteins, and 

the specific response of individual immune cell populations were all given significant 

attention. To accomplish this, the effects of biomaterials on both innate and adaptive 

immune responses, as well as material surface properties and the composition of the 

adsorbed layer of proteins were thoroughly investigated. This information was aimed 

to provide information to allow the rational modulation of immune response through the 

design of biomaterial, and hence provide a mechanism to modulate material 

biocompatibility in a targeted and precise manner. 

 

The aim of the first study was to assess the immune response to clinically-used 

materials and identify key cell populations involved in the inflammatory response. To 

achieve this, five differently treated titanium surfaces, which differed in surface 

wettability, chemistry, and roughness, were investigated. The immune response was 

assessed by quantifying the secretion of pro- and anti-inflammatory cytokines using 

multiplexed bead-based sandwich immunoassays and by examining the expression of 

specific surface markers of cellular activation and differentiation using flow cytometry. 

The role of individual immune cell populations was identified by culturing cells 

separately and in defined ratios on the titanium surfaces. The information collected 

was placed in the context of the materials' clinical performance to develop an 

understanding of the connection between observed immune responses in vitro and 

performance in vivo and the contributing role of specific immune cell populations.  

 

The second study aimed to systematically investigate the effect of surface topography 

on the cellular response. To elucidate if surface roughness alone could be a decisive 

factor determining biocompatibility, eight specimens of medical grade polyurethane 

with varying degree of roughness were compared regarding their effect on 

macrophage polarisation, inflammatory cytokine secretion, and surface marker 

expression. For the analysis, the immune response in three biological test systems of 

varying complexity was evaluated to test the sensitivity of different in vitro models 

towards topographical variations.  
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The third study sought to elucidate the relationship between varying levels of wettability 

and the ensuing protein adsorption at the material surface, as well as between the 

presence of certain proteins on a biomaterial surface and the resulting immune 

response. For this approach, three polyelectrolyte multilayer coatings with varying 

degrees of wettability were created and their surface properties as well as their 

immunological activity were quantified. Mass spectrometry was used to study the 

composition of the adsorbed protein layer, and the presence of particular types of 

proteins was linked to different immunological responses. Furthermore, changes in the 

expression of intracellular signalling pathways were evaluated and compared to the 

reported immune response using DigiWest analysis. 

 

The knowledge gained from this work was aimed to contribute to improve the design 

of immunomodulatory materials in biomedicine and facilitate the development of 

material concepts for biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 
Results I: 

Defining the role of different immune cell populations  

The contents of this chapter are based on:  

Billing F., et al. The immune response to the SLActive titanium dental implant 

surface in vitro is predominantly driven by innate immune cells. Journal of 

Immunology and Regenerative Medicine, Volume 13, 2021  
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3 Results I: Defining the role of different immune cell populations 

The type of response by the immune cells found at the cellular-material interface is a 

decisive factor for implant biocompatibility.4 Besides neutrophils, the first cells that 

encounter biomaterial surfaces in the body are monocytes. Following biomaterial 

implantation, these innate immune cells have the ability to encourage the migration 

and differentiation of other types of immune cells by releasing chemoattractants and 

inflammatory cytokines in response to biomaterial properties, thus initiating a pro-

inflammatory response and promoting the differentiation into pro-inflammatory 

macrophages (M1-like).112 On the other hand, monocytes also play an important role 

in the resolution of inflammation and wound healing by maturating into anti-

inflammatory macrophages (M2-like).113 Which effects predominate in the long term is 

largely affected by the biomaterial surface properties, which determine the polarisation 

of the monocytes.114,115 Besides of innate cells, adaptive immune cells like 

lymphocytes are also reported to influence the immune response to biomaterials. As 

such, it was demonstrated that lymphocyte populations can regulate monocyte 

adherence to biomaterial substrates and that innate and adaptive immune cells are 

able to influence each other bidirectionally.116,117 Thus, lymphocytes could be crucial 

cellular determinants of biocompatible outcomes, with their response also being 

influenced by biomaterial surface characteristics.66,118  

 

However, the understanding of the possible interactions between different immune cell 

populations is still limited in the context of biomaterials. To evaluate the role of innate 

and adaptive cell populations in the initial phase of biomaterial-induced immune 

responses, the biologically complex patient-derived PBMC model was employed. The 

aim of this study was the identification of key cellular populations responsible for driving 

the immune response within the heterogeneous collection of cells found in the PBMC 

model, namely monocytes, natural killer cells, helper T cells and cytotoxic T cells. 

Clinically used titanium dental implant materials with different surface modifications 

served as substrates. First, the surface characteristics roughness, wettability and 

chemistry of a set of five unique titanium specimens were assessed using confocal 

scanning microscopy, water contact angle measurement, and X-ray photoelectron 

spectroscopy (XPS). Luminex-based cytokine immunoassays and flow cytometry were 

employed to quantify the induced immunological response. To evaluate the extent to 
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which lymphocyte populations are involved in the immunological response, monocytes 

were isolated from whole PBMC and cultured in isolation or combined with 

lymphocytes at set ratios of varied monocyte levels on the titanium biomaterial. Cell 

specific cytokine production as well as surface marker expression were compared in 

monocyte and lymphocyte populations (Figure 8).  

 

Figure 8: Investigation of the immune response to titanium biomaterials and the 

role of individual immune cell populations. Five differently treated titanium 

specimens were analysed regarding biomaterial properties (left side) and elicited 

immune response (right side) to link surface characteristics with immunological effects. 

Culturing of cellular subsets alone and at defined ratios was furthermore used to 

investigate the specific role of individual immune cell populations in the response to 

biomaterials.  

3.1 Surface characteristics of clinically-used titanium dental implants 

In this study, five titanium grade 2 titanium implant materials (all provided by 

Straumann AG, Basel, Switzerland) were investigated. During the manufacturing 

procedure, their surfaces have been (1) machine polished (2) acid etched (3) 

sandblasted (4) sandblasted and acid etched (SLA) and (5) sandblasted and acid 

etched including a hydrophilic treatment (SLActive). While all specimens that have 

been sandblasted showed a high surface roughness with an Sa value (mean arithmetic 

height of the surface area) of around 3.3 μm, machine polished and acid etched 

samples were rather smooth (Sa ≤ 0.6 μm) (Billing F. et al., Appendix I, Suppl. Table 

1). SLActive surface was extremely hydrophilic (contact angle below the quantification 

Titanium 
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limit of 10°), while the other surfaces showed medium (contact angle ~ 75°: machine 

polished; sandblasted) or high levels of hydrophobicity (contact angle ≥ 90°: acid 

etched; sandblasted and acid etched). XPS analysis revealed similar chemical 

composition between acid etched + sandblasted and acid etched surfaces.  

3.2 Immune responses towards surface-treated titanium dental implants 

Potential differences in the immune response to the five titanium specimens were 

investigated by culturing PBMCs directly on the biomaterial surfaces. For most of the 

analysed markers, the smooth and hydrophobic acid etched surface was found to elicit 

the highest release of pro-inflammatory cytokines (Billing F. et al., Appendix I, Suppl. 

Fig. 2). In contrast, the rough and medium hydrophobic sandblasted specimen resulted 

in the lowest level of cytokine release, thus indicating a contribution of roughness and 

hydrophobicity to the immunological response. Immune responses towards the 

remaining specimens were somewhere between. Interestingly, the specimen created 

by combining sandblasting and acid etching revealed very low pro-inflammatory 

activity as well, implying that the immunological response might depend rather on the 

high roughness created by the sandblasting procedure then on the pits being caused 

by acid etching. The very hydrophilic and rough SLActive surface was found to induce 

significantly lower levels of pro-inflammatory cytokines IL-6 and IL-8, as well as higher 

levels of the anti-inflammatory cytokine IL-10. For other cytokines studied, this trend 

was less obvious. Overall, the findings indicate that roughness within the investigated 

range may have an effect on immunological response, whereas wettability may also 

play a role. Because of the beneficial immunomodulating properties demonstrated here 

and its long and successful history as a clinical dental implant,119–121 the SLActive 

surface was shifted into focus to explore the involvement of individual immune cell 

types in the immune response in the following. 

3.3 The role of innate and adaptive immune cells  

To investigate the contribution of innate and adaptive immune cells, the expression of 

cell surface molecules was assessed on the major types of immune cells. The 

population of monocytes responded with a significantly higher expression of activation 

markers HLA-DR (compared to the acid etched surface) and CD16 (compared to all 

other surfaces tested) on the SLActive surface (Billing F. et al., Appendix I, Suppl. Fig. 

3). From the literature it is known that the presence of IL-10 promotes the expression 
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of the anti-inflammatory marker CD163 on monocytes.122 In line with this, increased IL-

10 levels were found to be accompanied by enhanced CD163 expression on 

monocytes after cultivation on the SLActive surface (Billing F. et al., Appendix I, Suppl. 

Fig. 3). Other innate immune populations, such as NK cells, did not differ significantly 

between the titanium samples. Adaptive immune cells such as helper T cells (Th cells) 

and cytotoxic T cells (Tc cells) showed slightly increased frequencies of cells 

expressing HLA-DR and an enhanced signal for CD16 in response to SLActive 

titanium. Analysing intracellular cytokine expression in both innate and adaptive 

immune cells revealed that the vast majority of IL-8 and TNF-producing cells were 

innate monocytes, with only a small number of adaptive lymphocytes expressing these 

cytokines. (Billing F. et al., Appendix I, Suppl. Fig. 6A). As cytokine production and 

surface marker expression are both dynamic processes, the timing of testing can have 

an impact on the results. Thus, cytokine production and surface molecule expression 

were examined over time. While cytokine response in monocytes was immediate and 

peaked during the first 12 h of biomaterial contact, the expression of the antigen 

presentation molecule HLA-DR and the co-stimulatory molecule CD86 on the cell 

surface increased only after 72 h of cultivation (Billing F. et al., Appendix I, Suppl. Fig. 

6C and D). These data suggest that in regular PBMC cultures, monocytes play a larger 

role and respond more quickly to titanium dental implant surfaces, while adaptive 

immune cells/lymphocytes appear to play a diminished role. 

 

To further investigate the role of lymphocytes in the immune response, monocytes 

were isolated from the PBMC suspension using magnetic cell sorting and cultured in 

isolation or in set ratios with lymphocytes on SLActive titanium biomaterial. Cultures of 

pure monocytes were found to result in the highest concentration of pro- and anti-

inflammatory cytokines, while pure lymphocyte cultures elicited the lowest secretion of 

these cytokines, approaching the lower limit of detection (Billing F. et al., Appendix I, 

Suppl. Fig. 4). Thus, when cultured separately, lymphocytes seem to be unaffected by 

the SLActive biomaterial. To investigate the potential contribution of lymphocytes to 

cytokine secretion in mutual interaction with monocytes, the levels of cytokine and 

surface marker expression in a pure monocyte culture were compared to a mixed 

culture containing the same absolute number of monocytes but lymphocytes in 

addition. Cultivation on the SLActive titanium surface revealed that cytokine 

concentrations (IL-8, TNF-α, IL-6 and IL-1β) and expression of monocyte surface 
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markers (CD16, CD86, and CD163) were unaffected by the presence of lymphocytes 

(Billing F. et al., Appendix I, Suppl. Fig. 4 and 5). In exception, expression of the 

antigen presentation molecule HLA-DR on monocytes was slightly elevated with high 

numbers of lymphocytes being present in the culture. Notably, when substantial 

numbers of monocytes were present, there was an increase in CD16 expression and 

an increase in the frequency of HLA-DR positive cells on Th and Tc cells, indicating a 

general responsiveness of these populations to monocyte-derived stimuli. However, 

no effects of mutual activation were seen testing physiological ratios of monocytes and 

lymphocytes. 

 

This work demonstrated that differential immune responses occur to differently treated 

titanium biomaterials in terms of pro- and anti-inflammatory cytokines and cell surface 

proteins. More broadly, this work indicates the importance of surface properties such 

as topography, chemistry, and wettability on the immune response. Cells of the innate 

immune system (monocytes) were found to be the predominant population driving the 

immune response towards the commonly-used SLActive titanium surface, while cells 

of the adaptive immune system were neither capable of reacting to the biomaterial nor 

influencing the cytokine response or surface marker expression of the innate immune 

system. Activation of the adaptive by the innate immune system was observed for cell 

surface markers, but under artificially increased numbers of monocytes only. These 

results imply that in the development of new surfaces the response of 

monocytes/macrophages should be the primary consideration.  



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 
Results II: 

Systematic investigation of 

biomaterial surface roughness 

The contents of this chapter are based on:  

Segan S., Jakobi M., Khokhani P., Klimosch S., Billing F. et al. Systematic 

Investigation of Polyurethane Biomaterial Surface Roughness on Human Immune 

Responses in vitro. BioMed Research International, Volume 2020 
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4 Results II: Systematic investigation of biomaterial surface 

roughness 

The immune system is the first site of biological interaction between the body and the 

implant after protein adsorption to the implant surface and a key factor in the biological 

integration.7,123 It is involved in inflammatory processes and the foreign body reaction, 

but is also essential for biological processes enhancing biomaterial integration, such 

as wound healing and osseointegration.4,7 To selectively guide the immune response 

in a desired way, the topographical structure of a biomaterial might be a powerful tool. 

Topographic features like microstructures and surface roughness can direct migration 

and proliferation of osteoblasts, drive activation and differentiation of macrophages, 

modulate cell morphology, promote osseointegration, and alter healing.15,16,124–128 

Thus, the topography of a biomaterial can be an important parameter affecting the 

immune response to implant surfaces. However, existing studies often rely on different 

experimental concepts regarding cellular models, interspecies differences, or readout 

parameters. In addition, systematic studies examining the effect of this single 

parameter in a complex human-derived immunological setting are lacking. 

 

The aim of this study was to evaluate if surface roughness alone could be a decisive 

factor in determining the immune response to biomaterials. Therefore, three in vitro 

models of the human immune system of varying biological complexity were applied: 

(1) the widely used THP-1-derived model using a macrophage cell line as a system of 

reduced complexity, (2) the multifaceted PBMC model using primary immune cells 

isolated from human blood and (3) a whole blood model culturing the biomaterial 

directly in isolated human blood. Medical grade polyurethane (Pellethane® 2363-75D) 

was chosen as biomaterial substrate. Polyurethane is a polymeric material that is 

widely used in medical devices like breast implants, dermal scaffolds, bone and tissue 

engineering, as well as other applications due to its high level of biocompatibility.129–

133 The influence of the single parameter surface topography on the immune response 

was specifically examined by generating polyurethane samples with graded roughness 

in eight distinct levels (Sa = 0.3 – 19 μm; with Sa indicating the mean arithmetic height 

of the surface area) (Figure 9). 
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Figure 9: Systematic investigation of biomaterial surface roughness. Surface 

properties of eight polyurethane samples with defined roughness grades (VDI 0 – VDI 

45) were analysed using SEM and confocal scanning microscopy. Three different 

culturing models of increasing biological complexity (THP-1 cell line, PBMC, whole 

blood) were used to investigate the immunological response towards the polyurethane 

surfaces. As readout parameters, morphological differentiation, secretion of 

immunomodulatory cytokines, and surface marker expression of distinct immune cell 

populations were assessed.  

4.1 Creation and characterization of polyurethane samples 

Injection moulding was used to create polyurethane samples with eight distinct 

roughness grades according to the VDI 3400 industrial standard, ranging from VDI 0 

(“flat” with no deliberate surface roughness) to VDI 45 (roughest surface investigated). 

To ensure that the polyurethane samples exhibited the intended surface 

characteristics, confocal scanning microscopy and SEM imaging were applied. 

Analysis showed a clear correlation between increasing VDI number and greater 

surface roughness, with a uniform distribution across the samples surface (Segan S. 

et al., Appendix II, Suppl. Fig. 1 and 2). Contact angle analysis showed polyurethane 

to be a hydrophobic material with no effect of surface topography on material wettability 

(Segan S. et al., Appendix II, Suppl. Fig. 3). 
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4.2  Cellular responses to polyurethane surface topography 

THP-1 macrophage model 

To investigate the biological response towards the different levels of surface 

roughness, THP-1-derived macrophages were cultured for 72 hours on the 

polyurethane specimens. The morphology (cell area, cell shape factor, and cell 

elongation factor) of cultured cells was analysed to distinguish between macrophages 

with pro-inflammatory M1-like or anti-inflammatory M2-like phenotypes. Cells that had 

been chemically stimulated into the M1 or M2 phenotypes were used as controls. THP-

1-derived macrophages were shown to be more dispersed and cover a larger area on 

the two roughest polyurethane samples compared to the smoother samples, whereas 

cell circularity and elongation appeared to be unaffected by the degree of surface 

roughness. (Segan S. et al., Appendix II, Suppl. Fig. 5). Regarding circularity and 

elongation, cells cultured on polyurethane samples resembled M2-like phenotypes 

more than M1-like phenotypes when compared to differentiated macrophages cultured 

on TCP controls. This is an indicator for the relatively mild immune response to 

polyurethane biomaterials that also has been reported in the literature.133 Similar 

effects were observed when assessing the secretion of pro- and anti-inflammatory 

cytokines. THP-1-derived macrophages responded to polyurethane samples with just 

a minor increase in pro-inflammatory cytokines compared to TCP controls (Segan S. 

et al., Appendix II, Suppl. Fig. 6). Although being still at a low level, the release of pro-

inflammatory cytokines MIP-1β, MCP-1, TNF-α, and IL-8 slightly increased with 

increasing surface roughness. 

 

PBMC model 

After observing just a minor effect of surface roughness on the behaviour of THP-1-

derived macrophages, a model with greater biological complexity, the PBMC model, 

was employed. Besides of monocytes, PBMCs also include lymphocytes and dendritic 

cells, all being isolated directly from human blood. There are several potential 

advantages of the PBMC model: First, primary monocytes of this model might be more 

susceptible to changes in biomaterial properties than the genetically modified THP-1 

cell line monocytes.92 Second, the additional presence of lymphocytes in the culturing 

system enables mutual interaction between innate and adaptive immune cells via 

secretion of soluble mediators or direct cell-cell interaction, which can affect the 
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general immune response.134 Third, the presence of lymphocytes in a culturing set up 

was shown to significantly increase the rate of monocyte adhesion and fusion,116 thus 

potentially rising the “awareness” of the monocytes to the different surface 

topographies. To assess if this model of enhanced biological complexity might respond 

to changes in surface roughness of the polyurethane samples, PBMCs obtained from 

three healthy donors were tested and cytokine secretion was quantified using Luminex 

immunoassays. Similar to the results observed in the THP-1 model, PBMCs showed 

generally low levels of cytokine secretion in response to the polyurethane specimens, 

which were comparable to the TCP negative control (Segan S. et al., Appendix II, 

Suppl. Fig. 8). No effect of surface roughness on the production of either pro-

inflammatory or anti-inflammatory cytokines was detected. To evaluate the behaviour 

of specific immune cell populations, the activation of monocytes, lymphocytes and NK 

cells was assessed using flow cytometry. However, surface roughness had no effect 

on the level of surface marker expression in any of the immune cell populations 

investigated (Segan S. et al., Appendix II, Suppl. Fig. 7).     

 

Whole blood model 

As neither THP-1-derived macrophages nor human PBMCs responded to alterations 

in polyurethane surface topography, the human whole blood model was employed as 

it provides an additional degree of biological complexity. Unlike the two previous 

models, whole blood cultures additionally contain all sorts of granulocytes. Out of this 

group, the population of neutrophils has recently been shown to be sensitive to 

changes in biomaterial surface properties and to exhibit differential activation based 

on surface topography in general.135,136 As regulators of the initial immune response 

and recruiters of monocytes and macrophages, the presence of neutrophils 

(accounting for more than 50% of all leukocyte cells in whole blood) might result in 

topography-dependent immune responses towards the polyurethane specimens in the 

whole blood model.137,138 In order to get a more comprehensive assessment of 

potential immunological effects, the number of studied cytokines was increased from 

eight to 25 in addition. However, after 48 h of incubation, the cytokine response was 

found to be independent of topographical differences in the whole blood model, with 

no effect of additional cells like neutrophils (Segan S. et al., Appendix II, Suppl. Fig. 

9). 
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In this study, a systematic approach was applied to investigate the impact of surface 

roughness on the immune response to polyurethane biomaterial. While topography-

dependent immune activation has been reported in several studies,16,33,42,128,139 no link 

was found between the surface roughness of polyurethane specimens and the immune 

response in any of the models investigated in this study. There might be several 

reasons for this behaviour. First, other surface characteristics like the class of the 

biomaterial tested could play a role in the results of a topography-based immune 

response. As polyurethane has low immunological impact in general, the effect of 

biomaterial chemistry and wettability could outweigh the effect of topography here. 

Studies that do find topographical-based differences mentioned at the beginning of this 

paragraph were conducted on different classes of biomaterials. Accordingly, when 

investigating titanium specimens, topography-dependent differences in pro-

inflammatory cytokine secretion were observed (see chapter 3.2). Second, choosing 

adequate topographic characteristics may be crucial for a proper evaluation. In the 

present study, only the parameter Sa (mean arithmetic height of the surface area) was 

assessed as a distinguishing factor between the surfaces, while no other roughness-

characterizing criteria were examined. In conclusion, our work demonstrates that 

microscale surface roughness is not solely responsible for the immune reaction to 

medicinal polyurethane. However, these results cannot be automatically transferred to 

other biomaterials or other topographical structures.



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

The contents of this chapter are based on:  

Billing F., et al. Altered pro-inflammatory responses to polyelectrolyte multilayer 

coatings are associated with differences in protein adsorption and wettability. ACS 

Applied Materials & Interfaces, Volume 13, Issue 46, 2021 
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5 Results III: Interrelation between wettability, protein adsorption & 

immune response 

During the inflammatory response, the proteins adsorbed on the biomaterial surface 

play an important mediating role between biomaterial and immune cells. Upon 

implantation, proteins from blood and interstitial fluids adsorb to the biomaterial 

surface, with the type, volume, and conformation of adsorbed proteins being 

dependent on surface parameters like wettability and surface charge.50,52,140,141 

Adsorbed serum proteins can alter immune cell behaviour, which has a direct impact 

on the immunological outcome of a biomaterial.50,60,61,63,142 However, there remains a 

paucity of data on the interrelationship between the three essential aspects influencing 

the fate of a biomaterial implant – surface property, protein adsorption, and immune 

response. While previous in vitro studies have mainly focused on either the correlation 

between surface properties and protein adsorption 141,143 or the modulation of the 

immune response by artificial protein coatings,61,142,144 relatively few studies have 

examined the interrelationship of all three factors. Furthermore, previous investigations 

frequently relied on simplistic models based on single cell lines that lacked the 

complexity of the human immune system 63 or analysed the effect of single proteins 

only,61,144–146 thus missing the dynamic adsorption patterns of the full spectrum of 

serum proteins. 

 

In this study, the complex nature of surface-protein interaction as well as the full 

spectrum of the immune response were evaluated, while the effects were pinpointed 

to particular differences in material properties. To link particular properties to specific 

immunological outcomes, three polyelectrolyte multilayer (PEM) coatings of varying 

wettability were created and their surface characteristics determined. The immune 

response was investigated by culturing PBMCs in serum-containing media on the PEM 

surfaces and analysing the collective secretion of immunomodulating cytokines in the 

cell culture supernatant, the expression of cell surface markers, and cell-specific 

intracellular cytokine production. To examine the influence of serum proteins on the 

observed immune response to the PEM coatings, PBMCs cultured in conventional cell 

culture media containing human serum were compared to cultures of serum-free 

media. In addition, the composition of the protein layers on the PEMs was examined 
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using LC-MS/MS to investigate if the adsorbed protein layer differs on the surfaces. 

Finally, using DigiWest technology, the activity of intracellular signalling pathways in 

immune cells was assessed. 

5.1 Characterisation of surface properties and inflammatory response 

Three variations of PEM coatings were created based on alternating layers of the 

polyanion polystyrene sulfonate (PSS) and the polycation polyallylamine hydrochloride 

(PAH) by adjusting the pH-sensitive charge density of the assembling polymers. Due 

to their cationic termination, they are referred to as PEM Cationic A, B and C. Surface 

characterisation revealed differences in surface wettability, with PEM Cationic A being 

the most hydrophilic and PEM Cationic C being the least hydrophilic surface (Billing F. 

et al., Appendix III, Suppl. Fig. 1). Mean surface charge was found to be identical for 

all coatings. SEM imaging revealed uniform surfaces without topographical variances, 

allowing cell adhesion with different morphology but apparently tight interaction to the 

smooth PEM coatings.  

 

Cytokine analysis in the cell culture supernatant revealed that in response to the more 

hydrophobic coating Cationic C considerably higher amounts of pro-inflammatory 

cytokines TNF-α, MIP-1β, and IL-6 were secreted by PBMCs than in response to the 

other surfaces (Billing F. et al., Appendix III, Suppl. Fig. 2). For PEM Cationic C, the 

observed cytokine response was accompanied by a change in CD molecules on 

monocytes, including significantly increased expression of the pro-inflammatory 

marker CD86 and reduced expression of the anti-inflammatory marker CD163. To 

examine the individual contribution of the different immune cell populations being 

present in the PBMC suspension, cytokine expression in monocytes, T cells, and NK 

cells was examined intracellularly after cultivation on Cationic C coating. The findings 

revealed a clearly enhanced frequency of cytokine-positive monocytes for TNF-α, MIP-

1β, IL-8 and MCP-1, with only minor contribution of T cells and negligible contribution 

of NK cells (Billing F. et al., Appendix III, Suppl. Fig. 3). Comparison of all three PEM 

coatings revealed the more hydrophobic Cationic C to show a higher frequency of 

cytokine-positive monocytes than Cationic A. These findings further indicated that 1) 

the immunological response is enhanced in response to coating Cationic C and 2) that 

cytokine production in response to the PEM coatings studied is mostly the 

responsibility of monocytes. Increasing the spectrum of biological variation using a 
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large panel of 24 donors generally confirmed the results of the three randomly selected 

donors of the previous experiments (Billing F. et al., Appendix III, Suppl. Fig. 4). Linear 

regression analysis revealed a weak age-dependent increase in TNF-α expression but 

no age-related trend for IL-8. No differences between male and female donors were 

observed for any cytokine investigated. Cytokine release itself is a dynamic process 

that is subject to rapid regulatory mechanisms. To reveal the process of cytokine 

response towards the PEM coatings across time, cytokine production by monocytes 

was investigated after 12, 24 and 96 h of biomaterial contact. While there were no 

changes in cytokine expression across the PEM surfaces after 12 and 96 h, cellular 

activation was evident on all PEM substrates after 24 h of cultivation, with the more 

hydrophobic coating Cationic C showing the greatest increase. (Billing F. et al., 

Appendix III, Suppl. Fig. 3). In summary, immunological investigations revealed a 

significantly enhanced pro-inflammatory immune response after cultivation on the 

more hydrophobic PEM coating Cationic C compared to the more hydrophilic coating 

Cationic A, thus indicating a strong influence of surface wettability. 

5.2 Adsorbed proteins as potential causes of the observed immune response 

In the next step, the influence of serum proteins on the immune response towards PEM 

coatings was analysed. To further explore the impact of surface wettability, the two 

coatings with the most hydrophilic and most hydrophobic properties were investigated. 

When PBMC cultures were compared in the presence and absence of human serum, 

the alterations in immune response were attributed to the presence of serum proteins 

on the coated surfaces. Under serum-free conditions, no differences in the immune 

response could be observed between hydrophilic and hydrophobic PEMs, thus clearly 

demonstrating a crucial role of the adsorbed protein layer in the immune response 

(Billing F. et al., Appendix III, Suppl. Fig. 5). In the following, protein identification using 

LC-MS/MS revealed surface-dependent changes in type and quantity of detected 

proteins. For both PEM surfaces, lipoproteins were the main class of adsorbed 

proteins, followed by acute inflammatory response proteins (Billing F. et al., Appendix 

III, Suppl. Fig. 6). For PEM coating Cationic C, a 4-fold increase in the amount of acute 

inflammatory response proteins in comparison to Cationic A was observed. Statistical 

analysis further showed an increased amount of apolipoproteins A-I, C-II, C-III, and J 

(also known as clusterin) on the more hydrophobic Cationic C surface compared to the 

more hydrophilic Cationic A. The presence of these proteins has been associated with 
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pro-inflammatory responses and an increased secretion of pro-inflammatory cytokines 

by monocytes in the literature, thus reflecting the differences in the immune response 

observed for coatings A and C.147–153 In addition, proteins associated with anti-

inflammatory effects were less abundant on coating Cationic C than on Cationic A. 

Apolipoproteins A-I and E are known to promote macrophage conversion from the pro-

inflammatory M1-like to the anti-inflammatory M2-like phenotype and inhibit the 

production of pro-inflammatory cytokines.154–156 On coating Cationic A, these two 

inflammation-dampening proteins accounted for 53.6 % of the total protein abundance, 

while their abundance on Cationic C was only 23.6 %. Taken together, the protein 

analysis showed that the composition of the adsorbed protein layer highly differed 

between PEM coatings of identical chemical substrates but distinct levels of wettability. 

The presence of the respective proteins may have a significant impact on the cytokine 

expression by monocytes and the resulting immune response.  

5.3 The MAPK signalling pathway as a candidate factor in driving monocyte 

immune response 

In a last step, intracellular processes in monocytes were examined to uncover potential 

changes in signalling pathways in response to different protein layers. Therefore, 

DigiWest technology was applied to simultaneously detect protein abundance and 

phosphorylation status of 67 intracellular signalling proteins.157 Out of seven signalling 

proteins identified to significantly differ between PEM coatings Cationic A and C, six 

belonged to the MAPK signalling pathway (c-Jun, MEK1, MEK2, NF-κB, Erk 1/2 and 

TRAF1), showing a widespread function for this pathway in response to PEM surfaces. 

(Billing F. et al., Appendix III, Suppl. Fig. 7). Except for c-Jun, all proteins were 

expressed at higher quantities on coating Cationic A compared to Cationic C.  

 

The results of this study demonstrate that the layer of proteins adsorbed to the surface 

has a major influence on immune responses to the different PEM coatings. Protein 

identification revealed an increased quantity of inflammation-associated proteins on 

the PEM coating with the highest pro-inflammatory immune response, and a higher 

abundance of proteins with anti-inflammatory association on the less inflammatory 

coating. In addition, variations in the expression of MAPK proteins in monocytes in 

response to the different surfaces were observed. As the tested PEM surfaces were 

highly similar in surface charge and topography but mainly differed in their surface 
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wettability, this characteristic is particularly interesting for the targeted design of 

medical implants. In this context, PEM coatings could be used as a versatile tool to 

modulate the immune response towards a biomaterial substrate. Furthermore, the 

class of apolipoproteins emerged as an important indicator for assessing a 

biomaterial's biocompatibility. This study thus demonstrated the interrelationship 

between material properties, protein adsorption and the immune response as closely 

related components of the biological response to foreign materials (Figure 10). 

Figure 10: Schematic overview of the interrelation between surface wettability, 

protein adsorption and immune response. Wettability of PEM coatings was 

observed to be critical for the adsorption of specific human serum proteins to the 

biomaterial surfaces. PEM coatings of a higher hydrophilicity resulted in elevated 

adsorption of proteins associated with anti-inflammatory effects (e.g. apolipoprotein A-

I) combined with a low number of activated monocytes and reduced levels of pro-

inflammatory cytokines (left). More hydrophobic coatings, on the other hand, had 

higher levels of inflammation-associated proteins (e.g., apolipoprotein A-II) adsorbed 

to their surface, a higher number of activated monocytes, and induced significantly 

increased secretion of pro-inflammatory cytokines (right). Graphic was created using 

biorender.com.
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6 General discussion and conclusion 

Biomedical implants are commonly used in medical therapies that aid in the resolution 

of health issues in a wide range of treatments. Existing implant devices are 

continuously improved, and new devices for novel applications are constantly being 

developed. Besides of being an essential contributor in enhancing human health, 

medical implant development is also a significant economic factor. In the future, strong 

growth rates for the number of implantations as well as the economic turnover in the 

medical technology industry are projected due to an aging global population and the 

developments in the manufacturing of medical devices.158–160 For the patients, implant 

biocompatibility is a significant determinant in therapy effectiveness. A comprehensive 

understanding of the interplay between biomaterial features and induced immune 

response is crucial for implant development in order to achieve high levels of 

biocompatibility and associated functionality after the device is placed into the body. 

Various factors must be taken into account for the successful modulation of 

biocompatibility. 

6.1  Role of innate and adaptive immune cells in response to biomaterial 

surfaces 

Prior to focusing on gaining knowledge about possible modulation strategies of a given 

device's biocompatibility, a comprehensive understanding of the immune response to 

biomaterials in general and the involvement of participating immune cell types in 

particular is essential. While immunological processes in response to "natural" foreign 

bodies such as bacteria and viruses have been thoroughly studied, the involvement of 

individual immune cell types in response to "artificial" foreign bodies such as implant 

biomaterials remain unclear. In the context of biomaterials, it is often viewed that the 

adaptive immune system's participation in the first immunological response is fairly 

restricted. However, data to support this idea is limited. In this work, components of 

the innate and the adaptive immune systems were explored for their role in the initial 

immune response towards titanium dental implants. When cultured separately, isolated 

monocytes of the innate immune system were found to become activated and respond 

to titanium surfaces with enhanced pro-inflammatory cytokine and surface marker 

expression, while T cells of the adaptive immune system cultured in the absence of 

monocytes showed no direct biomaterial response above the level of the negative 
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control (Chapter 3). It is not surprising that lymphocytes do not respond when 

encountering a material surface without co-stimulatory cells being present. Although 

several studies have indicated that lymphocytes have mechanosensing properties in 

general, this effect was predominantly observed for changes in material stiffness and 

can only be induced by the artificial presence of adequate receptor binding sites.161,162 

Unlike monocytes of the innate immune system, T cells of the adaptive immune system 

usually require antigen presentation and priming of naïve cells for their pathogen-

specific response. However, lymphocytes may also be activated non-specifically by 

the innate immune system through the release of soluble molecules.163 Thus, this work 

was designed to test the potential of lymphocytes to indirectly respond to biomaterials 

through the activation by monocytes. Regarding cell surface markers, expression 

levels on lymphocyte populations were found to be slightly biomaterial surface-

dependent. In addition, the expression of surface markers on T cells was found to be 

increased when high numbers of monocytes were present in PBMC cultures containing 

both innate and adaptive immune cells. This shows the general ability of lymphocytes 

to be activated depending on the monocytes being present; although the observed 

effects were just observable under artificially altered ratios of innate to adaptive cells.  

 

Regarding the generation of immunoactive cytokines, the data demonstrated a 

monocyte-induced cytokine response following contact with titanium surfaces, while T 

cell mediated cytokine response in PBMC cultures containing both innate and adaptive 

populations was found to be quite minor. Notably, there was also no indication of 

lymphocytes stimulating or suppressing the cytokine response of monocytes in turn. 

These results are in contrast to some previous findings showing innate and adaptive 

cell interactions in response to biomaterials to result in lymphocyte activation, even 

when the populations were separated by transwell.116,118 There could be several 

explanations for the absence of lymphocyte response observed in this work. The 

amount of cytokines generated by monocytes, for example, may be insufficient for a 

robust T cell activation. Following contact with the tested titanium surface, only low 

cytokine levels of IL-6 were found, a cytokine that plays an important role in T cell 

activation and differentiation.72 This explanation is also supported by the observation 

that with artificially increased amounts of monocytes in the culture – and thus with 

higher levels of secreted cytokines – a slight increase in activation marker expression 

on lymphocytes could be observed. The lack of variance in the immune response of 
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the three biological models of various complexity explored in Chapter 4 could possibly 

be explained by a lack of adequate cellular activation as well. Another possibility is that 

T cell activation occurred, but was missed by the experimental setting. Lymphocyte 

proliferation and differentiation, for example, were not assessed in this work but can 

be strong indications of lymphocyte activation. A third explanation for the absence of 

observed lymphocyte response is that the three-day observation period was too short, 

as potential effects might not be apparent until later stages. This was also reported in 

other studies which found that lymphocyte effects on the release of pro-inflammatory 

cytokines TNF-α, IL-6 and IL-8, cytokines that were also evaluated in this work, 

occurred only after a 10-day interval, but not before.164 Further investigations 

addressing these potential cues would be needed to clearly determine the lymphocyte 

response to biomaterial surfaces.  

 

It also has to be considered that the results obtained for a single biomaterial substrate 

with a specific set of surface properties cannot be generalized to other materials and 

surface characteristics. The very low lymphocyte activation in response to the titanium 

surfaces employed does not imply a general inactivity of lymphocytes after contact with 

biomaterials. Surface properties like topography and wettability, as outlined in Chapter 

1.1, have a significant impact on the immune response. This is also true for 

lymphocytes, which show different levels of activation depending on the biomaterial 

substrate. For example, both hydrophobic and anionic surfaces were shown to 

increase lymphocyte proliferation, while hydrophilic as well as cationic surfaces were 

both found to inhibit lymphocyte activity.165 The SLActive titanium surface evaluated in 

the present work had a high degree of hydrophilicity as well, which could explain why 

the lymphocytes were not activated. The same might occur for the PEM coatings 

investigated in Chapter 5, which had a cationic termination layer and also showed only 

minor lymphocyte activity. Thus, surface properties are critical for examination and 

evaluation of the immune response and the role of individual immune cell populations. 

 

The results imply that for investigations on the initial phase of biomaterial host 

response, in vitro models using cells of the innate immune system only might be 

sufficient. This was also evident in the comparison of test systems of different biological 

complexity, where no differences between models with and without adaptive immune 

cells could be found after a three-day examination period (Chapter 4). However, in the 
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long term, adaptive immune cells have been shown to have direct and indirect effects 

on material biocompatibility in vivo as mediators in tissue regeneration, fibrosis, and 

the foreign body reaction. In the context of biomaterials, adaptive immune cells were 

shown to be recruited to the implant side where they can regulate regenerative wound 

healing.166,167 Cross talk between innate and adaptive cells was found to modulate the 

foreign body response by impairing macrophage attraction and increasing the rate of 

macrophage fusion into FBGCs.116,168 Finally, T cell mediated responses were 

detected in implant-surrounding tissues in cases of aseptic loosening of joint 

replacements.169 This demonstrates the overall importance of lymphocytes for implant 

biocompatibility and suggests the necessity for additional research into the processes 

of lymphocyte activation. The choice of test systems for the immunological evaluation 

of a biomaterial modification thus depends on whether the immediate inflammatory 

response or long-term development is to be examined. 

6.2  Surface property-driven immune response 

The immune response can be modulated by altering the topographical characteristics 

of a biomaterial,170–172 which was also observed for the titanium samples investigated 

in Chapter 3. However, the results must be evaluated within the context of several 

limitations that also apply to many other studies in the field. First, defining a surface 

primarily by its manufacturing process (e.g. sandblasting, acid etching, …) rather than 

its particular topographical features can result in misleading comparisons because a 

method might create distinct topographies when applied to different materials.173 

Second, surface topography is frequently adjusted without considering the effects on 

other properties like surface chemistry or wettability.  

 

In order to comprehensively investigate the effects of roughness on a given material 

class with equal chemical composition, seven polyurethane samples with defined 

roughness gradations were compared to each other in terms of immune response 

using the primary PBMC model. Contrary to expectations, no immunological 

differences were found between the tested surfaces in any of the biological models 

used (Chapter 4). Even though many studies in the field do propose a topography-

dependent immune response, there are also some investigations observing 

unchanged cytokine profiles of immune cells cultured on distinct surface 

topographies.174–176 One possible reason for these results is the choice of biomaterial 
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substrate. The polyurethane substrate employed in the present work is considered as 

one of the most biocompatible materials and is well-known for its low-inflammatory 

properties.177 Also the other studies mentioned above that did not detect topography-

dependent stimulation of the immune response used biomaterials that are normally 

linked with low immune responses. The observed effects might thus be attributed to 

the low-immunogenic surface chemistry used, which overrode possible topographical 

effects. To confirm this, the same topographical features would need to be transferred 

to a material that elicits a stronger host response. This would allow to see if specific 

topographical features have a mitigating effect on the immune response.  

 

Another point to consider is that the current study did not investigate specific surface 

topography features like shape or spacing, which may influence immune cell 

behaviour. In the present study, only the parameter Ra was assessed as a 

distinguishing factor between the polyurethane surfaces, whereas additional criteria for 

characterizing roughness were not examined. Ra is a parameter that describes the 

mean arithmetic roughness and is commonly used in the evaluation of surface 

topography. However, although having comparable Ra values, the topographies of two 

given substrates can be highly different, with distinct nanoscopic topologies being 

present (see Figure 11).17,178 At the same time, surfaces with different Ra values can 

be identical in terms of other topographical parameters, such as the average number 

of peaks (Sm). Thus, despite the differences in Ra, the polyurethane specimens 

investigated in this work might be similar in aspects such as nanoscale topography, 

which might represent the sensitive form of topography for immune cells. Further 

studies elucidating the role of specific surface features on the biocompatibility of a 

device should therefore assess a larger variety of topography-related parameters in 

order to determine the surface parameter(s) to which the cells respond. 

Figure 11: Example of similar topographical profiles with distinct roughness 

parameter Ra. Parameters Ra (A = C) ≠ (B = D) and Sm (A = B) ≠ (C = D). Adapted 

and modified from Ponche et al.17 
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The cellular response to different topographical features can be influenced by changes 

in cell-to-implant contact area dimensions, the directing effects of specific surface 

structures, or variances in induced cell motility.173 However, surface topography may 

also have a significant impact on protein adhesion, which further mediates cellular 

attachment. Independent of surface chemistry, nanoscale topography was shown to 

influence the adsorption and conformation of integrin binding proteins, thus altering cell 

binding site availability and affecting integrin signalling.179 Similar effects were also 

observed for other proteins like fibrinogen or vitronectin.180 This suggests that, at least 

in part, the effects of surface topography are conveyed to the surrounding cells via the 

layer of adsorbed proteins. Thus, mass spectrometry studies could be used to 

determine the composition of the protein layer on the polyurethane surfaces. If identical 

proteins are identified on the different polyurethane specimens, this would further 

explain why the immune response to the polyurethane samples was found to be 

identical. Similar investigations on PEM coatings demonstrated a crucial influence of 

protein adsorption on the immune response (further discussed in Chapter 6.4). 

6.3 Modulation of biocompatibility via PEM surface coating 

Besides of topography, this work also focused on surface wettability and its 

involvement in the host immune response. Investigating materials of different 

chemistry revealed that hydrophilic titanium specimens and hydrophilic PEM coatings 

both elicited a diminished pro-inflammatory cytokine response compared to their 

hydrophobic counterparts (see Chapters 3 and 5). This reflects a widely observed 

phenomena in which an increased degree of hydrophilicity is associated with a reduced 

acute inflammatory response.181 The use of PEM coatings in this work allowed for the 

induction of particular changes in surface wettability while maintaining topography and 

surface charge constant. As a result, immune responses could be directly correlated 

to the degree of wettability. Possible explanations for the obtained observations are 

discussed in Chapter 6.4. 

 

The results of this work showed that alterations in surface wettability could be used as 

a strategy to modulate the host response to a medical device. In accordance with the 

findings on the immune-modulatory effect of PEM coatings in this work (Chapter 5.1), 

appropriate PEM coatings have been found to significantly influence macrophage 

adhesion, formation of FBGCs, and cytokine release; hence reducing the inflammatory 
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response of biomaterials.182 Thus, PEM coatings could be a useful tool to passively 

refine immune responses based on a change in surface wettability. As shown in the 

physico-chemical examination (Chapter 5.1), the surface properties of PEMs can be 

altered during the creation process; thus enabling a wide application range with 

differing biocompatibility requirements. A blood-compatibility coating composed of 

natural polyelectrolytes heparin and chitosan, for example, has been found to improve 

biocompatibility of cardiovascular implants.183 This suggests that the effects identified 

for the polyelectrolytes in this work may be transferable to an in vivo environment. In 

addition to passive modulation, PEM coatings can also be employed in drug delivery 

systems as a reservoir for bioactive compounds, thus combining both passive and 

active modulation approaches. Bioactive strategies aim for the local delivery of anti-

inflammatory and/or pro wound healing molecules from a reservoir or a coating to 

induce desired cell responses. As especially cytokines and growth factors affect the 

immune cell response, these immune players are attractive components for sustained 

release from bioactive coatings. PEMs, when paired with immunomodulatory cytokines 

like IL-4, have been shown to inhibit the release of pro-inflammatory cytokines by 

activated monocytes.105 This modification of the host response by bioactive surface 

coatings represents another strategy for the modulation of biomaterials, which has 

received increasing attention in recent years. Further development of the 

polyelectrolytes used in this work into bioactive coatings could enable targeted 

application of the PEMs for specific implantation requirements.  

 

The common aim of both active and passive PEM coating approaches is to reduce the 

risk of chronic inflammation in the long term and to support the healing process 

following implantation. However, the remarkable biocompatibility of PEM coatings in 

these applications is mediated not directly by their physicochemical properties, but 

rather by the effects of an intermediary mediator: proteins adsorbed on the coating's 

surface. 

 

6.4 Protein adsorption as essential marker for biocompatibility 

The immediate adsorption of proteins to artificial surfaces prevents cells of any type 

from direct interaction with the biomaterial, both in vivo and in vitro. Instead, the 

adsorbed protein layer acts as a bridge, transmitting the effects of the material 
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properties to the immune cells.50 In this work, it was demonstrated that a change in 

surface wettability can alter the immune response through a shift in the type and 

quantity of protein composition (Chapter 5). The effects of altered wettability were 

observable in the presence of proteins only, thus emphasizing the critical relevance of 

protein adsorption for a device's biocompatibility. Protein adsorption to a biomaterial 

surface appears to be the main driver of the elicited immune response and therefore 

provides promising strategies for the modulation of implant biocompatibility. One 

modulation strategy to attenuate the host inflammatory response is the general 

reduction of protein adsorption at the biomaterial surface, which was shown to prevent 

adhesion of monocytes / macrophages and expression of pro-inflammatory 

cytokines.101 However, although showing beneficial effects in vitro and during the acute 

phase within the initial days after implantation, this strategy lacks long-term stability 

and failed to keep its favourable responses for chronic inflammation in vivo.183 Thus, 

rather than protecting the implanted material from all interaction with the surrounding 

tissue, more bioactive strategies are required. A more promising strategy is the guided 

adsorption of desired proteins. The adsorbed protein layer usually provides binding 

sites for protein-specific receptors like integrins for immune cells.184 Surface chemistry-

dependent protein layer modulation may thus permit alternative receptor binding and 

signalling in immune cells. This idea is supported by the observation that the presence 

of specific integrin binding domains on a biomaterial surface was shown to promote 

cell-specific adhesion and to direct the responses of inflammatory cells.185,186 By 

varying surface properties such as wettability, the available receptor binding sites can 

be altered, thereby changing the cellular immune response. 

 

In this work, apolipoproteins emerged as a potentially interesting class of proteins in 

the mediation of the inflammatory response. A huge variety of apolipoproteins was 

found at the PEM surfaces, most of them showing very high abundance. This is of 

particular interest, as in the context of biomaterials apolipoproteins are known for their 

immunomodulating activity. Once adhered to a surface, apolipoproteins can induce 

pro- or anti-inflammatory effects by affecting immune cell activation and cytokine 

production, depending on the type of apolipoprotein.147–156 Other studies investigating 

biomaterial protein adsorption have also revealed high levels of attached 

apolipoproteins on a variety of biomaterial surfaces.63,187–190 Similar to the results of 

the present work, the amount and type of adsorbed apolipoproteins often differed 
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between materials with different inflammatory properties in these studies.63,189,190 This 

indicates a potential critical role for apolipoproteins in the host response towards 

biomaterials. For apolipoprotein J (also known as clusterin), it was already shown that 

the adsorption of this protein directly influences macrophage activation as the 

presence of this protein significantly reduced the uptake of nanocarriers by 

macrophages.191 Further investigation on the role of apolipoproteins is required to 

confirm their importance in the formation of the immune response to biomaterials. This 

might be accomplished through in vitro testing of biomaterials using cell cultures with 

apolipoprotein-depleted serum, or by using artificial coatings of single types of 

apolipoproteins, and subsequent immunological analysis. If a critical role of 

apolipoproteins were proven, this would be a significant step in predicting the 

biocompatibility of implants based on protein adsorption. 

6.5 Conclusion 

The host response to biomaterials is a very complex multifaceted process that is 

orchestrated by a diverse array of cellular players at different stages of progression. 

This process is strongly influenced by the presence or absence of certain proteins on 

the material surface, while their composition is defined by the combined interplay of 

different surface properties. In order to increase biocompatibility across a wide range 

of materials and application areas, the effect of individual proteins on the activation of 

specific (immune) cell populations must be further investigated. Although it may appear 

unconnected at first, a strong focus must be placed on the adherent proteins in the 

choice of material substrate and surface treatment. The adsorbed protein layer 

incorporates all physicochemical material variations since the type, level and 

conformation of serum proteins that adsorb to biomaterial surfaces are determined by 

the biomaterial’s terminal chemical and physical properties. Therefore, adsorbed 

proteins may be the ideal marker indicating optimal surface topography and chemistry, 

thus being capable of predicting the immune response to a biomaterial. In this context, 

the class of apolipoproteins emerges as a potential key element in conveying material 

based effects to the host immune response. Only when solid predictions regarding the 

host response can be obtained, it will be possible to achieve a significant improvement 

in the biocompatibility of newly developed or current medical devices.  
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Supplemental Figures  

Billing F., et al. The immune response to the SLActive titanium dental implant surface 

in vitro is predominantly driven by innate immune cells 

 

Supplementary information 1: Comparison of cytokine expression of freshly isolated PBMCs (Fresh) 

and PBMCs being stored at -150°C and thawed prior to the experiment (Frozen). Blood of n = 2 donors 

was tested.  
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Panel 1 

Target Fluorochrome  Clone Company 

CD3 PerCP Cy5.5 Okt.3 Biolegend 

CD4 Alexa488 Okt.4 Biolegend 

CD14 APC-H7 MΦP9 BD Bioscience 

CD16 BV605 3G8 Biolegend 

CD25 PE-Cy5 M-A251 Biolegend 

CD86 BV650 IT2.2 Biolegend 

CD127 BV711 A019D5 Biolegend 

CD163 PE/dazzle594 GHI/61 Biolegend 

CD206 PE-Cy7 15-2. Biolegend 

CD284 APC HTA125 Biolegend 

CD354 BV510 6B1 BD Bioscience 

HLA-DR BV421 L234 Biolegend 

 

Panel 2 

 

Supplementary information 2: List of antibodies used for flow cytometry  

Target Fluorochrome  Location Clone Company 

CD3 PerCP Cy5.5 Cell surface Okt.3 Biolegend 

CD14 APC-H7 Cell surface MΦP9 BD Bioscience 

CD16 BV605 Cell surface 3G8 Biolegend 

CD86 BV650 Cell surface IT2.2 Biolegend 

IL-6 PE-Cy7 Intracellular MQ2-13A5 Biolegend 

IL-8 APC Intracellular E8N1 Biolegend 

TNF-α BV711 Intracellular MAb11 Biolegend 

HLA-DR BV421 Cell surface L234 Biolegend 
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Supplementary information 3: Gating strategy for panel 1 used to identify monocytes, T helper cells 

(Th cells), cytotoxic T cells (Tc cells), natural killer cells (NK cells) and regulatory T cells and analyse their 

activation status or frequency. Protein expression (MFI) of the markers not depicted were determined 

based on all cells in the relevant population. 
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Supplementary information 4: Gating strategy for panel 2 used to analyse intracellular cytokine 

expression in lymphocytes and monocytes. 
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Supplementary information 5: Frequency of PBMC cell populations, regulatory T cells and expression 

of cell surface molecules on NK cells following culture on titanium specimens. PBMCs from three 

donors were cultured on the following titanium specimens for 72 hours: machine polished (M), 

sandblasted (SL), acid etched (A), sandblasted and acid etched (SLA) and SLA with a hydrophilic 

treatment (SLActive). Cell culture polystyrene was used as negative control (neg. ctrl), while the 

positive control (pos. ctrl) was stimulated with 100 ng/ml LPS and 15 µg/ml PHA-L. Frequencies of all 

analysed cell fractions cultured on titanium samples and regular tissue culture plate (neg. ctrl) of one 

representative donor are shown in A). B) Frequency of positive cells or mean fluorescence intensity 

(MFI) of surface marker expression was quantified on regulatory T cells (T-reg) and natural killer cells 

(NK cells) using flow cytometry. Each of the three donors was analysed in triplicate for all conditions 

tested (i.e. n = 3 for each donor). Graphs show mean with SEM. 
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Appendix II 

Segan S., Jakobi M., Khokhani P., Klimosch S., Billing F. et al. Systematic 

Investigation of Polyurethane Biomaterial Surface Roughness on Human Immune 

Responses in vitro. BioMed Research International, Volume 2020. 
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Supplemental Figures 

Segan S., Jakobi M., Khokhani P., Klimosch S., Billing F. et al. Systematic 

Investigation of Polyurethane Biomaterial Surface Roughness on Human Immune 

Responses in vitro 
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Appendix III 

Billing F., et al. Altered pro-inflammatory responses to polyelectrolyte multilayer 

coatings are associated with differences in protein adsorption and wettability. ACS 

Applied Materials & Interfaces, 13 (46), 2021 
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Supplemental Figures 

Billing F., et al. Altered pro-inflammatory responses to polyelectrolyte multilayer 

coatings are associated with differences in protein adsorption and wettability. 
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