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Abstract

The success of a titanium dental implant depends on its strong anchorage to the

surrounding bone to withstand the continuous cyclic loading that occurs during

mastication. Several factors, such as surgical technique, implant design, surface to-

pography and surface (bio)chemistry are known to influence cellular processes and

tissue formation at the implant-body interface during healing. In particular, sur-

face topography and surface (bio)chemistry may exert significant effects on these

processes. Thus, an improved osseointegration capacity of the implant is envisaged

through topographical and/or (bio)chemical surface modification.

We modified the surface (bio)chemistry of smooth and rough (SLA; particle-blasted

and acid-etched) titanium surfaces using the non-fouling polycationic co-polymer

poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) known to impart protein

resistance to negatively charged surfaces (e.g., titanium dioxide). Cell-interactive

peptides with the RGD, KRSR and FHRRIKA motives were covalently grafted to a

fraction of the PEG-chains. The functional co-polymers with and without peptide

functionalities were assembled in a one-step assembly process in aqueous solution

on negatively charged titanium oxide surfaces. The rationale behind this approach

was to be able to study the interaction of single or multiple types of bioligands at

quantitatively controlled surface densities with cells in vitro, without the interfer-

ence produced by non-specific protein (serum) adsorption.

We investigated cell adhesion and spreading patterns of porcine epithelial cells, 3T3

fibroblasts and rat calvarial osteoblasts on RGD-modified smooth and SLA titanium

surfaces. Our findings demonstrated that surface topography and (bio)chemistry

directly influenced the attachment and morphology of all cell types tested after

24 hours in culture. In general, an increase in cell number and fraction of spread

cells was observed on bioactive substrates (containing the cell-adhesive RGD-peptide

sequence) when compared to bio-inactive surfaces, i.e., unfunctionalized PLL-g-

PEG and RDG-functionalized (scrambled peptide) surfaces. More 3T3 fibroblasts

were present on smooth than on rough topographies, whereas more rat calvarial

osteoblasts attached to rough than to smooth surfaces. Porcine epithelial cell at-

tachment did not follow any regular pattern. Footprint areas for all cell types

were significantly reduced on rough compared to smooth surfaces. Rat calvarial
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osteoblast attachment and footprint areas increased with increasing RGD-peptide

surface density. However, no synergy between RGD-peptide surface density and

surface topography was observed for either the attachment or footprint area of rat

calvarial osteblasts.

The novel consensus heparin-binding peptides sequences KRSR and FHRIKKA were

also immobilized via PLL-g-PEG chemistry to SLA titanium surfaces and tested for

their ability to support rat calvarial osteoblast and human gingival fibroblast prolif-

eration after 7 days in culture. Cell-binding peptide sequence RGD in combination

with KRSR or FHRRIKA was used to examine a possible enhanced effect on rat cal-

varial osteoblast attachment and proliferation. In addition, freshly harvested bone

chips from newborn rat calvariae were placed onto similar functionally modified

rough titanium substrates and the size and pattern of osteoblast outgrowths were

studied. Our findings demonstrated that the difference in rat calvarial osteoblast

and human gingival fibroblast attachment was influenced mostly by surface topogra-

phy rather than by the presence of the KRSR- and FHRRIKA-peptides. In contrast

to rat calvarial osteoblast cell lines, outgrowths of osteoblasts from fragments of rat

calvariae attached to pure heparin-binding peptides KRSR and FHRRIKA coated

surfaces. In comparison with the control surfaces KSSR, RFHARIK and PEG, os-

teoblast outgrowths from rat calvarial bone chips covered a significantly larger area

on RGD-, KRSR- and FHRRIKA-containing surfaces after 8 days and also migrated

in an isototropic way unlike cells on the bio-inactive substrates. Furthermore, the

stimulatory effect of RGD on both rat calvarial osteoblast attachment and migration

pattern could be enhanced when applied in combination with KRSR.

MG63 osteoblast-like cells on PLL-g-PEG coatings showed increased ALP activity

as well as increased osteocalcin, total TGF-β1 and prostaglandin E2 production

compared to cells on unmodified SLA titanium after 8 days in culture. However,

the introduction of the KRSR-peptide at different concentrations did not show any

further up (or down) regulation of these markers. Additionally, MG63 osteoblast-

like cells did not show any increased attachment or synergistic effect on osteoblast

markers on RGD/KRSR surfaces in comparison to PEGylated control surfaces (e.g.,

RGD/KSSR).

For designing a dental implant surface to serve patients that have an impaired bone

forming or wound healing capacity, as those suffering from osteoporosis or diabetes,

a surface modification using peptides only, is probably not sufficient. A surface

with a therapeutic effect by additional functionalities such as growth factors might
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be required to rapidly stimulate the formation of the desired tissue at the interface.

Therefore, two new surface modification strategies using PLL-g-PEG chemistry were

developed within this thesis: first, TG-modified (Transglutaminase substrate site)

vascular endothelial growth factor (VEGF) was coupled to PLL-g-PEG coated ti-

tanium surfaces through the transglutaminase factor XIII. Coupling of VEGF to

the PEG was demonstrated by SDS-page gel and Western blot analysis as well

as by the optical waveguide lightmode spectroscopy (OWLS) technique. Second,

model drug delivery carriers (polystyrene microspheres) were coated with PLL-g-

PEG/PEG-TG and coupled to PLL-g-PEG/PEG-Lyspep (cleavable Lys-containing

peptide sequence) modified titanium surfaces. Successful coupling and immobiliza-

tion of drug delivery carriers was shown on patterned surfaces produced by the

molecular assembly patterning by lift-off (MAPL) technique.

In conclusion, the results of this thesis demonstrate that cell attachment to tita-

nium surfaces can be facilitated through incorporation of cell binding peptide, such

as RGD onto a PLL-g-PEG system that resists non-specific protein adsorption.

Moreover, other peptides, such as KRSR and FHRRIKA, can be grafted onto the

PLL-g-PEG system and modify cell migration and attachment for primary rat os-

teoblasts. Preliminary results have also shown that growth factors or drug delivery

carriers can also be attached to PLL-g-PEG, thus demonstrating that in principle it

should be possible to provide cells on the titanium surface with suitable attachment

factors, growth factors, and other components to enhance osseointegration.





Kurzfassung

Der Erfolg eines Zahnimplantates aus Titan ist abhängig von einer starken Veran-

kerung im umgebenden Knochengewebe, um den während des Kauvorgangs kon-

tinuierlichen zyklischen Belastungen zu widerstehen. Viele Faktoren beeinflussen

die zellulären Prozesse und die Gewebeentwicklung an der Grenzfläche zwischen

Implantat und Körper während des Einheilens: Operationstechnik, Implantatde-

sign, Oberflächentopographie und Oberflächen(bio)chemie sind die wichtigsten da-

von. Vor allem Oberflächentopographie und Oberflächen(bio)chemie haben einen

grossen Einfluss, und deshalb kann eine verbesserte Osseointegrationskapazität des

Implantats durch topographische und/oder (bio)chemische Oberflächenmodifikation

erreicht werden.

Wir modifizierten die (Bio)chemie von glatten und rauhen (SLA; partikel-gestrahlten

und säure-geätzten) Titanoberflächen mittels des “non-fouling” polykationischen

Copolymers Poly(L-Lysin)-pfropf -Poly(Ethylen) Glykol. Dieses Polymer adsorbiert

spontan auf negativ geladenen Oberflächen wie Titandioxid und verleiht dadurch

einen hohen Grad an Resistenz gegen unspezifische Proteinadsorption. Zellinterak-

tive Peptidesequenzen wie RGD, KRSR und FHRRIKA wurden kovalent an einen

Bruchteil der PEG-Ketten gebunden. Die funktionsfähigen Copolymere mit und oh-

ne Peptidfunktionalisierung wurden in einem Schritt in wässriger Lösung auf nega-

tiv geladenen Titandioxidoberflächen adsorbiert. Das Grundprinzip dieses Ansatzes

liegt in der Möglichkeit, die Interaktion von einzelnen oder mehreren Bioligandtypen

(mit quantitativ kontrollierter Oberflächendichte) mit Zellen in vitro zu studieren

und das ohne störenden Einfluss von unspezifisch adsorbierten (Serum)proteinen.

Wir untersuchten Zelladhäsion und -ausbreitungsmuster von Schweinepithelzel-

len, 3T3 Fibroblasten und Rattenkalvarialosteoblasten auf RGD-modifizierten glat-

ten und SLA Titanoberflächen. Unsere Ergebnisse demonstrierten, dass die Ober-

flächentopographie und die Oberflächen(bio)chemie das Anhaften und die Morpho-

logie aller getesteten Zelltypen nach 24 h in Kultur beeinflussten. Allgemein wurde

eine Erhöhung der Zellanzahl und mehr ausgespreizte Zellen auf bioaktiven (mit

zell-adhäsivem RGD-Peptid) im Vergleich zu bio-inaktiven (i.e., unfunktionalisierten

PLL-g-PEG und RDG-funktionalisierten) Oberflächen gefunden. Mehr 3T3 Fibro-

blasten waren präsent auf glatten als auf rauhen Topographien, während mehr Rat-
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tenkalvarialosteoblasten auf rauhen als auf glatten Oberflächen gefunden wurden.

Schweinepithelzellen zeigten kein reguläres Muster. Die Fläche der Fussabdrücke

aller Zelltypen war auf rauhen Oberflächen signifikant kleiner als auf glatten Ober-

flächen. Die Zellanzahl und die Fläche der Fussabdrücke von Rattenkalvarialosteo-

blasten nahm mit steigender RGD-Peptidoberflächendichte zu. Jedoch wurde keine

Synergie zwischen RGD-Peptidoberflächendichte und Oberflächentopographie be-

obachtet, weder für die Zellanhaftung noch für die Grösse der Fussabdrücke von

Rattenkalvarialosteoblasten.

Die neuartigen, mutmasslichen heparin-bindenden Peptidsekuenzen KRSR und

FHRRIKA wurden auch mittels PLL-g-PEG-Chemie auf SLA Titanoberflächen

immobilisiert. Die Proliferation von Rattenkalvarialosteoblasten und menschlichen

Zahnfleischfibroblasten nach 7 Tagen in Kultur wurde getestet. Die zell-bindende

RGD-Peptidsequenz wurde in Kombination mit KRSR und FHRRIKA benützt,

um einen möglichen synergetischen Effekt auf Rattenkalvarialosteoblastproliferati-

on zu untersuchen. Zusätzlich wurden frisch geerntete Knochenchips aus Kalvari-

alknochen von neugeborenen Ratten auf gleich modifizierte rauhe Titanoberflächen

gelegt und die Grösse und das Muster der ausgewachsenen Osteoblasten studiert.

Unsere Resultate demonstrierten, dass der Unterschied im Anhaften von Rattenkal-

varialosteoblasten und menschlichen Zahnfleischfibroblasten stärker durch die Ober-

flächenrauhigkeit als durch die Präsenz von KRSR- und FHRRIKA-Peptiden bein-

flusst wurde.

Im Gegensatz zu Osteoblasten aus Zelllinien hafteten Osteoblasten, welche aus Kal-

varialknochenfragmenten auswuchsen, auf reinen mit heparin-bindenden KRSR-

und FHRRIKA-Peptiden beschichteten Oberflächen. Im Vergleich zu den mit

KSSR, RFHARIK und PEG beschichteten Kontrolloberflächen bedeckten Osteo-

blastauswüchse von Rattenkalvarialknochen auf RGD-, KRSR- und FHRRIKA-

Oberflächen eine signifikant grössere Fläche nach 8 Tagen und migrierten isotropisch

im Gegensatz zu Zellen auf bio-inaktiven Substraten. Ausserdem konnte der stimu-

lierende Effekt von RGD in Kombination mit KRSR erhöht werden, was durch

erhöhte Rattenkalvarialosteoblastanhaftung und ausgedehntere Migrationsmuster

demonstriert wurde.

MG63 osteoblast-ähnliche Zellen zeigten erhöhte ALP-Aktivität als auch erhöhte

Osteokalzin-, totale TGF-β1- und Prostaglandin E2-werte auf PLL-g-PEG-

Beschichtungen im Vergleich mit Zellen auf unmodifizierten SLA Titanoberflächen

nach 8 Tagen in Kultur. Allerdings konnte keine Auf- oder Abregulierung dieser
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Zellmarker durch die Immobilisation von KRSR-Peptiden in verschiedenen Konzen-

trationen festgestellt werden. Auch wurde durch die Präsentation von gemischten

RGD/KRSR-Oberflächen im Vergleich zu PEGylierten Kontrolloberflächen (e.g.,

RGD/KSSR) weder eine erhöhte Zellanhaftung von MG63 Zellen, noch ein etwaiger

synergetischer Effekt auf Osteoblastmarker gefunden.

Für das Design einer neuartigen Zahnimplantatoberfläche, um Patienten mit be-

einträchtiger Knochenausprägung oder Wundheilungskapazität zu bedienen, ist ei-

ne Oberflächenmodifikation durch Peptide möglicherweise nicht ausreichend. Eine

Oberfläche mit einem therapeutischen Effekt, der durch zusätzliche Funktionali-

sierung wie beispielsweise Wachstumsfaktoren erreicht werden könnte, dürfte not-

wendig sein, um eine rasche Ausbildung des gewünschten Gewebes an der Grenz-

fläche zu gewährleisten. Daher wurden zwei neue Oberflächenmodifikationsstrategien

durch PLL-g-PEG-Chemie innerhalb dieser Arbeit entwickelt: erstens wurde TG-

modifizierter (Transglutaminase) vaskulärer Endothelialwachstumsfaktor (VEGF)

an PLL-g-PEG beschichtete Titanoberflächen durch den Transglutaminasefaktor

XIII gebunden. Die Kopplung von VEGF zu PEG wurde durch SDS-page Gel

und Western Blot Analyse sowie durch Optical Waveguide Lightmode Spectroscopy

(OWLS) Technik demonstriert. Zweitens, wurden Testträger für Medikamenttrans-

port (engl.: drug delivery carrier) mit PLL-g-PEG/PEG-TG beschichtet und an

PLL-g-PEG/PEG-Lyspeptid (spaltbare Lysin-enthaltende Peptidsequenz) modifi-

zierte Titanoberflächen gekoppelt. Eine erfolgreiche Kopplung und die Immobilisie-

rung von den drug delivery carriern wurde mittels gerasterten Oberflächen, welche

durch die Molecular Assembly Patterning by Lift-off Technik (MAPL) produziert

wurden, gezeigt.

Zusammengefasst demonstrierten die Resultate dieser Arbeit, dass durch zell-

bindende RGD-Peptide mittels PLL-g-PEG-Chemie eine Zellanhaftung an Titano-

berflächen vereinfacht werden kann und zugleich die Oberfläche resistant gegen un-

spezifische Proteinadsorption ist. Ausserdem können auch andere Peptidsequenzen

wie KRSR und FHRRIKA an PLL-g-PEG-Polymere gebunden werden und dadurch

Zellmigration und Zellanhaftung für primäre Rattenosteoblasten modifiziert wer-

den. Vorläufige Resultate haben ausserdem gezeigt, dass Wachstumsfaktoren oder

drug delivery carrier auch an PLL-g-PEG gekoppelt werden können und es dadurch

prinzipiell möglich sein wird, geeignete Faktoren, Wachstumsfaktoren und andere

Komponenten auf einer Titanoberfläche den Zellen anzubieten, und damit die Os-

seointegration zu verbessern.
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1
Scope of my Thesis Work

1.1 Background and Motivation

The work and objectives of my thesis were motivated by the important need for

new titanium dental implant surfaces that have the potential of improving the de-

vice performance, further reducing the time between implantation and restoration

of the patient’s dentition and providing a safer treatment for patients suffering from

today’s critical contraindications such as diabetes and osteoporosis.

The surface properties of a titanium dental implant are known to have a strong influ-

ence on the mechanism and the time required for osseointegration [1]. In particular,

surface topography and surface (bio)chemistry may significantly affect this process.

Thus, an improved osseointegration capacity of the implant is envisaged through

topographical and/or (bio)chemical surface modification. The fabrication of struc-

tured titanium surfaces used in bone-contact applications with defined macro, micro-

and nano-topographies has resulted in the past in reduced healing time and faster

integration in the host tissue. Although most of the development of novel structured

titanium surfaces occurred in the past (i.e., 70ies and 80ies of the last century), only

few new techniques have been developed since. Among the new surfaces produced

in the past 15 years, the so-called SLA dental implant surface [2] (particle-blasted

and acid-etched fabricated by Institut Straumann AG, Switzerland; Figure 1.1) has

been a particularly successful development because it demonstrated enhanced bone

apposition [3], based on histomorphometric evaluation in animal studies and higher

removal torque values in biomechanical testing [4].

On the other hand, a new trend in surface engineering has been the use of biologi-

cally inspired surfaces with the potential to induce cell-selective responses, increase

resistance against bacteria attachment, reduce the risk of inflammation and improve

the long-term performance of the implant. Since amount and type of biomolecules,
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Figure 1.1: Scanning electron micrograph of a titanium dental implant
with SLA (particle-blasted and acid-etched) surface topography (cour-
tesy of Institut Straumann AG, Basel, CH). Scale bar corresponds to
2000 μm.

in particular proteins, adsorbed upon exposure to blood and other body fluids are

considered as a non-specific response of the body to the artificial implant mate-

rial [5], an approach for bio-active surfaces can also be motivated by the desire

of eliminating or substantially reducing non-specific protein adsorption and thus

reducing adverse, undesirable host responses. Adding bioligands to non-fouling sur-

faces is a common approach to achieve a more specific interaction with different

cells and tissues. One way to create such a non-fouling surface [6] is by means of

the monomolecular poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) assem-

bly system (Figure 1.2) [7–9].

The poly(L-lysine) backbone of this graft-polymer spontaneously adsorbs onto neg-

atively charged metal oxide surfaces, as titanium dioxide, and the poly(ethylene

glycol) chains are exposed to the fluid as a brush resulting in adsorbed protein

masses as low as 5 ng/cm2 [9, 10]. Furthermore, biomolecules (e.g., peptides) can

be covalently linked to a fraction of the PEG-chains [11], allowing an interaction

with cells and tissues (Figure 1.3).

A frequently used peptide sequence is RGD (arginine-glycine-aspartic acid) [12]

that is recognized by nearly half of the over 20 known α/β integrins [13], a fam-

ily of receptors present in most cell types. Another group of cell-interacting moi-

eties are heparin-binding peptides such as KRSR (lysine-arginine-serine-lysine)[14]

and FHRRIKA (phenylalanine-histidine-arginine-arginine-isoleucine-lysine-alanine)

[15]. Both sequences are present in the ECM of osteoblasts and, therefore, are of

potential interest for bone-related applications.
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Figure 1.2: (a) Molecular structure of poly(L-lysine) (PLL) grafted with

poly(ethylene glycol) (PEG) and (b) model view of a titanium oxide

surface covered by PLL-g-PEG for rendering surfaces specifically in-

teractive with the biological environment. Biological molecules (e.g,

RGD-peptide or growth factors) can be coupled to a fraction of the

PEG-chains, allowing an optimum interaction with cells and tissues.

Figure 1.3: Scheme of a dental implant illustrating the local interfacing

to host tissues and the corresponding material-tissue interface require-

ment for successful performance and long-term stability (adapted from

Scacchi et al. [16]).
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1.2 Objectives

The main goals of my PhD thesis were:

1. Synthesis and characterization of PLL-g-PEG polymers that are modified with

either integrin-binding peptide containing the arginine-glycine-aspartic acid

(RGD) motive or heparin-binding peptides with the lysine-arginine-serine-

lysine (KRSR) and phenylalanine-histidine-arginine-arginine-isoleucine-lysine-

alanine (FHRRIKA) sequences, as well as scrambled (inactive) peptides as

controls.

2. Testing and screening of bio-functionalized smooth and particle-blasted and

acid-etched (SLA) titanium surfaces in vitro using cell types selected on the

basis of tissues that contact dental implants: epithelium (epithelial cells), con-

nective tissue (fibroblasts) and bone (osteoblasts).

3. Testing and screening non-fouling multi-peptide modified SLA titanium sur-

faces containing mixed KRSR/RGD and FHRRIKA/RGD peptides with quan-

titatively controlled peptide densities and their response towards osteoblast

proliferation and differentiation.

4. Development of strategies for the immobilization of growth factors and/or drug

delivery systems using PLL-g-PEG chemistry to design new types of implant

surfaces (Figure 1.4).

The idea of combining surface topography/roughness (smooth vs. (SLA) surfaces)

and surface (bio)chemistry was a basic aspect of this thesis. The hypothesis was

that different local requirements of a dental implant exist and, therefore, different

interface functionalities are needed for an optimum interfacial tissue development

and clinical performance (Figure 1.3).
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Figure 1.4: Cartoon of (bio)chemical titanium surface modification

strategies developed within this thesis, top-down: Direct binding of

small peptide sequences (χ) to PLL-g-PEG; linking of growth factors

(”star”) to PLL-g-PEG; drug delivery systems loaded with biological

factors (”stars”) and linked to the surface via standard PLL-g-PEG

chemistry.
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1.3 Overview of my Thesis

Chapter 2 provides a general review about surface modification of titanium im-

plants and cell carriers. This review focuses on recent selected techniques and strate-

gies to modify the (bio)chemistry of titanium surfaces through ultra-thin organic

adlayers and/or biological molecules; the discussion is structured into four sections:

(i) surfaces with controlled physicochemical properties, (ii) surfaces with immobi-

lized biological molecules, (iii) surfaces with non-fouling character, and (iv) surfaces

with drug-eluting abilities. Furthermore, some in vivo and stability considerations

are also presented.

Chapter 3 provides information about PLL-g-PEG including synthesis, assembly

and stability aspects. A brief summary about cell cultures and protocols and a gen-

eral overview about the principle of all methods used in this thesis are also given in

this chapter. Additionally, more detailed information about instrumentations used

in each chapter can be found in the corresponding “Materials and Methods” sec-

tions.

Fabrication of substrates with identical surface topographies and chemistries using

an epoxy replica technique is described in Chapter 4. Reproducibility of the tech-

nique, the production of samples with two different topographies (smooth and SLA)

on the same specimen and their use in rat calvarial osteoblasts assays are also dis-

cussed.

Chapter 5 describes the response of rat calvarial osteoblasts, 3T3 fibroblasts and

porcine epithelial cells to RGD-peptide modified smooth and SLA titanium sur-

faces using the PLL-g-PEG system. Cell number, cell footprint area and cell shape

factor are extensively discussed as a function of surface topography and/or surface

(bio)chemistry.

In Chapter 6 a comparison between the response of cultured rat calvarial os-

teoblasts and osteoblasts outgrown from rat calvarial bone chips to KRSR- and

FHRRIKA-peptide modified SLA titanium surfaces using PLL-g-PEG is presented.

Human gingival fibroblasts served as controls cell type for the cultured osteoblasts.

Chapter 7 provides preliminary data of MG63 osteoblast-like cell differentiation

assays on KRSR- and RGD-peptide modified SLA titanium surfaces using PLL-g-

PEG chemistry.

A summary of my thesis and an outlook as well as future perspectives can be found

in Chapter 8.
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2
Biomedical Interfaces: Titanium

Surface Technology for Implants

and Cell Carriers

Martin Schuler, Diana Trentin, Marcus Textor, Samuele G.P. Tosatti

nanomedicine, 1(4), 449-463, 2006.

Titanium and its alloys have become key materials for biomedical applications mainly

owing to their compatibility with human tissues and their mechanical strength. Ef-

fects of surface topography on cell and tissue response have been investigated exten-

sively in the past, while (bio)chemical surface modification and its combination with

designed topographies have remained largely unexplored. The following report de-

scribes some of the strategies used or intended to modify titanium surfaces, based on

biological principles, with a focus on ultra-thin biomimetic adlayers. One of the vi-

sions behind such approaches is to achieve improved healing and integration responses

after implantation for patients, especially for those suffering from deficiencies, for

example, diabetes or osteoporosis, two diseases that have increased drastically in our

society during the last century.

Keywords: bioligand, biomimetic, drug delivery, implant, non-fouling, peptide,

polyethylene glycol, surface (bio)chemistry, surface modification, surface topography,

titanium.
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2.1 Introduction

Titanium and its alloys are key materials for biomedical applications [1, 2]. Com-

mercially pure titanium, for example, is used widely in dental implants and titanium

alloys, such as Ti-6Al-4V and Ti-6Al-7Nb, have been used in various orthopedic and

osteosynthesis systems, as parts of hip and knee implants, bone screws or plates.

Titanium is also one of the preferred materials within cardiovascular devices, such

as pacemaker cases, peripheral stents and heart valves.

But what makes titanium so unique? Titanium has favorable mechanical strength,

low specific weight, excellent corrosion resistance and biocompatibility [3], does not

cause allergic reactions [4] and also develops good interfacial strength with bone [5].

Furthermore, titanium oxide has a high refractive index that is useful in biosensor

applications that are based on optical detection methods [6].

Important efforts have been made in the past to optimize the surface topography

of titanium implants in bone-contact applications [7] focusing mainly on designed

surface structuring to reduce healing times and accelerate integration into the host

tissue. The most prominent fabrication methods used previously to produce defined

macro, micro- and nanotopographies [8, 9] included micromachining, plasma spray-

ing, particle blasting and acid etching [10–15]. More recent techniques include elec-

trochemical micromachining of titanium through a laser patterned oxide film [16, 17]

and processing of titanium foams through powder-metallurgy [18]. Meanwhile, mi-

crofabrication [8] and replica techniques [14, 19–21] have led to the development of

designed model surfaces and cell carrier systems for laboratory use. As discussed by

Ratner in 2001, the next evolution in titanium implants is likely to be through bi-

ologically inspired specific surface modifications [22]. This trend to modify surfaces

with (bio)chemical moieties is also supported through increased research in other

related areas, such as biosensors and diagnostics. The various approaches in this

field aim to obtain a more controlled interaction between implant and tissue and

can be further motivated by a number of specific objectives:

(i) Triggering cell-selective response, for example, supporting osteogenic cell adhe-

sion and rapid differentiation towards osteoblast phenotype;

(ii) Resistance to bacterial attachment with the aim of reducing infection rate and

the need of antibiotics prescription;

(iii) Reduction of the risk of inflammation;
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(iv) Improvement of reliability and long-term performance of the device.

These aspects, among others, are particularly (but not only) relevant for patients

with deficiencies such as diabetes or osteoporosis, which can influence the biological

response upon implantation [23]. Therefore, new surfaces may be the only suc-

cessful strategy for implantation in these cases. The number of people suffering

from diabetes, for example, is expected to increase more than 2.5-times, from 84

million in 1995 to 228 million in 2025, whereas 1.66 million hip fractures owing to

osteoporosis occur each year worldwide, with an expected fourfold increase by 2050,

as reported by the World Health Organization (WHO) [24]. Modification of sur-

face (bio)chemistry of implants (e.g., in bone-contact applications) can be achieved

through, for example:

(i) Biological species (e.g., proteins or peptides);

(ii) Organic, ultra-thin (nanometer-range), monomolecular adlayers onto which

drugs or other biomolecules are linked;

(iii) Hydroxyapatite/calcium phosphate coating (micrometer-range), where drugs

or other biomolecules are entrapped;

(iv) Hydrogels (nanometer-/millimeter-range) with incorporated drugs or

biomolecules.

The scope of this review does not allow us to cover all aspects of this field, therefore,

we will focus only on some selected techniques and strategies that can be used to

modify the surface (bio)chemistry of titanium surfaces through ultra-thin organic

adlayers and/or biological molecules [25]. The advantage of an ultra-thin coating

is the capability of tailoring surface (bio)chemistry independently from surface to-

pography since the coating thickness is typically three to four orders of magnitude

smaller than the topographical features of an implant surface (Figure 2.1).

For detailed information regarding calcium phosphate and hydroxyapatite coatings

[26–28], hydrogels [29, 30] and also the aforementioned modification of surface to-

pography [31–34], the reader is referred to relevant reviews.
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Figure 2.1: Scanning electron micrograph showing rat 3T3 fibrob-
lasts attached on a rough (SLA) titanium surface coated with
arginine-glycine-aspartic acid (RGD)-peptide modified poly(L-lysine)-
graft-poly(ethylene glycol) (PLL-g-PEG/PEG-RGD). The peptide den-
sity was 3.0 pmol/cm2. The thickness of the ultra-thin PLL-g-
PEG/PEG-RGD coating (as shown schematically in three length scales)
is three or four orders of magnitude smaller than the topographi-
cal features of the surface, allowing a modification of the surface
(bio)chemistry without influencing the surface topography. White scale
bar corresponds to 10 μm.

2.2 Modification of Surface (Bio)chemistry

The amount and type of biological species, proteins in particular, adsorbed on ti-

tanium implant surfaces upon exposure to blood and other body fluids [35] (Figure

2.2a) is considered to be a non-specific response of the body to the artificial implant

material [22]. To abolish or reduce non-specific reactions towards the implant ma-

terial and simultaneously improve the bio-responsiveness of the implant surface, a
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number of approaches based on depositing ultra-thin adlayers onto titanium can be

found in the literature. This review focuses rather on surfaces that have:

(i) Controlled physicochemical properties (Figure 2.2b)

(ii) Immobilized biological molecules (Figure 2.2d, e)

(iii) Non-fouling character (Figure 2.2c, e)

(iv) Drug-eluting abilities (Figure 2.2f)

2.2.1 Surfaces with Controlled Physicochemical Properties

The aim of using thin film technologies [36–38], which allows the tailoring of physic-

ochemical properties, such as wettability or surface charge, is to generate a material

with a well defined and controlled surface chemistry, capable of influencing passively

the interaction between surface and biological species, such as proteins. Different

studies have shown that protein adsorption onto a surface might be influenced by

physicochemical surface properties [39] and the need for such a controlled surface is

evident (besides the already aforementioned non-specific response of non-modified

implanted devices) since many techniques used in producing surface topographies

for implants have the tendency to alter surface chemistry, surface charge or surface

energy. Massaro et al., compared surface compositions of different commercially

available ready-to-use titanium implants, and observed large variations from the

expected TiO2 surface composition, depending on manufacturing technology and

packaging history [40]. In this respect, the introduction of an ultra-thin adlayer

could be considered as a “deliberate but controlled contamination” that improves

the reproducibility and safety of an implant. One way of controlling physicochem-

ical properties is through self-assembled monolayers (SAMs) (Figure 2.2b), that is,

spontaneous adsorption and arrangement of single layers of molecules on a substrate

(e.g., alkane thiols adsorbed on gold surfaces) [41]. A number of groups have de-

veloped alkane phosph(on)ate SAMs that are compatible with metal oxide surfaces

(e.g., Al2O3, TiO2, Nb2O5) [42–47]. Textor’s lab, for example, have coated smooth

and particle-blasted, large grit, acid-etched (SLA) titanium surfaces with methyl-

terminated (hydrophobic) or hydroxy-terminated (hydrophilic) alkane phosphates
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Figure 2.2: Schematic drawing representing the processes taking place
at the interface between a titanium implant (with different surface
(bio)chemistries) and its biological environment. (a) Bare titanium
surface upon implantation encountering non-specific adsorption of pro-
teins. (b) Titanium surface with controlled physicochemical proper-
ties (e.g., SAM). A control of the protein adsorption mechanism (over
a short time) through hydrophilicity/hydrophobicity is generally ob-
served. (c) Titanium surface with non-fouling character, reducing non-
specific protein adsorption drastically. (d) Titanium surface with im-
mobilized biological molecules, with the goal of influencing selectively
the cell-surface interaction. However, non-specific protein adsorption
interferes with the selective response of the immobilized molecules. (e)
Titanium surface with immobilized biological molecules using a non-
fouling strategy. The cell-surface interaction can be studied without
the influence of any non-specific protein answer from the surface. (f)
Titanium surface showing a drug-eluting strategy. Drugs are linked
covalently to the surface and can be released owing to enzymatically
cleavable binding sites. PEG: Polyethylene glycol; SAM: Self-assembled
monolayer.
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[38] and exposed them to human gingival fibroblasts for 24 h [48]. Surface wetta-

bility was much less important than surface roughness (i.e., more fibroblasts were

found on smooth compared with rough surfaces and fibroblasts on rough surfaces

were also less spread) and only partly influenced cell behavior. Furthermore, serum

content of culture media influenced cell attachment, spreading and shape, which

led to the conclusion that cell attachment and spreading in the presence of serum

proteins was not induced directly by the SAM surface but rather through the interac-

tion between cells and adsorbed proteins, which interact strongly with hydrophobic

and also many hydrophilic surfaces (e.g., clean metal oxides or hydroxy-terminated

SAMs) [49]. Additionally, when alkane phosphate SAMs were exposed to cell cul-

ture media, they showed time-dependent changes in contact angle, indicating a loss

of stability and subsequent changes in the protein adsorption properties.

These facts led to the hypothesis that much larger effects of surface chemistry on the

cell-surface interaction can be expected with (bio)chemial surface systems that allow

a direct influence on the protein adsorption process. Such approaches are discussed

in detail in the following sections.

2.2.2 Surfaces with Immobilized Biological Molecules

The easiest way of immobilizing (macro)molecules of biological nature on an implant

surface is by simply dipping the implant into a solution that contains biological

molecules, with the rationale of presenting active groups and structures to the bio-

logical environment present on the adsorbed species. For example, Ku et al., have

adsorbed fragments of fibronectin and vitronectin passively on titanium surfaces.

MC3T3-E1 cells cultured on fibronectin showed increased cell attachment, prolifer-

ation and differentiation (e.g., alkaline phosphatase activity(ALP)) compared with

bare titanium surfaces and those coated with vitronectin [50]. Another study used

adsorbed collagen (Type I and III) and fibronectin onto Ti-6Al-4V substrates, which

influenced the behavior of rat calvarial osteoblasts such that differences in ALP activ-

ity and collagen synthesis were found between different composed collagen coatings.

An increase in collagen Type III resulted in an increase in collagen synthesis and

a concomitant decrease in ALP activity and calcium deposition [51, 52]. Becker

et al. used Type I collagen adsorbed onto Ti-6Al-4V surfaces and reported that a

collagen coating alone was not sufficient to accelerate differentiation of rat calvarial

osteoblasts [53]. Similar observations were described in a study that used adsorbed



16 2. Titanium Surface Technology

fibronectin and collagen I coatings on titanium fiber mesh [54], and proliferation

and differentiation of rat bone marrow cells were not stimulated by the presence of

fibronectin and collagen.

These 4 cases have already revealed the complex situation when working with pas-

sively adsorbed proteins on surfaces. The adsorption process is very often reversible

owing to the phase equilibrium between adsorbed molecules and protein solution.

This means that such adsorbed species could be washed off when working with buffer

solutions or easily replaced by other biomolecules (e.g., Vroman effect [55]). To avoid

this problem, biomolecules could be linked covalently to the surface. Morra et al.,

for example, have used a technique for deposition of a thin film from hydrocarbon

plasma, followed by acrylic acid grafting to link collagen covalently to titanium sur-

faces [56]. In vitro studies revealed that growth rates of osteoblast-like SaOS-2 cells

on collagen-modified surfaces were lower than on bare titanium and no significant

difference in ALP existed. However, in vivo experiments using a rabbit femur model

showed enhanced bone healing of collagen surfaces (see below). Another approach

was described by Scharnweber et al., who immobilized collagen Type I by partial

incorporation into the anodic oxide layer on commercially pure titanium using the

anodic oxidation technique [57]. It was found that after 24 h of exposure in simulated

body fluid, a higher density of spherical calcium phosphate particles were detected

on adsorbed collagen in comparison with collagen that was partially incorporated

into the anodic oxide layer. After 30 days of exposure, no differences were found

between both surface states.

Other general aspects associated with the coupling or adsorption of whole proteins

or protein fragments to a surface include the risks of changing the 3D structure

of the biomolecules, leading to protein denaturation, protein conjugation, protein-

induced immunogenicity and limited shelf life [25, 58]. An alternative approach,

which would reduce many of the problems elucidated above, would be the use of

peptides derived from native proteins [59, 60]. A frequently used peptide sequence

is arginine-glycine-aspartic acid (RGD) [61], located on a loop on the tenth domain

of fibronectin (FN III-10) [62]. Nearly half of the over 20 known α/β integrins

recognize this sequence in their adhesion protein ligands [63]. Another group of cell-

interacting moieties are heparin-binding peptides such as KRSR and FHRRIKA.

Both sequences are present in the extracellular matrix (ECM) of osteoblasts and,

therefore, are of potential interest for bone-related applications. KRSR can be lo-

cated in fibronectin, vitronectin, bone sialoprotein, thrombospondin and osteopontin
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[64], whereas FHRRIKA is derived from bone sialoprotein alone [65]. These poly-

cationic heparin-binding peptides bind to negatively charged glycosaminoglycans

associated with proteoglycans found in the cell membrane. Other investigated pep-

tide sequences are GFOGER, derived from collagen [66] and IKVAV and YIGSR

from laminin [67]. Such peptide sequences are usually used in linear conformation;

however, cyclic RGD-peptides, for example, have much higher affinity [68, 69] and

are also more resistant to proteolysis [70]. Combining two different peptide se-

quences, as for example RGD and FHRRIKA could result in synergistic effects [65].

It has also been demonstrated that a more “complete” cell response (as indicated

through cell attachment and spreading, as well as formation of discrete focal contacts

and organized cytoskeletal assembly) was obtained by providing the cell with both

the cell-binding (RGD-containing) and heparin-binding (FHRRIKA-containing) do-

mains of fibronectin [71, 72]. Peptide sequences mentioned above are most frequently

used in combination with (non-fouling) immobilization systems. We discuss some

of these systems in detail in the following section.

There are also some examples of using peptides adsorbed “directly” onto titanium

surfaces via, for example, silanization or polypyrrole (PPy) chemistry. Zreiqat et al.

bound the peptide sequences RGD and RGE (negative control) to Ti-6Al-4V sur-

faces using 3-aminopropyltriethoxysilane chemistry [73]. Human bone-derived cells

were studied on peptide-modified and non-modified titanium surfaces, on which

protein levels of osteocalcin, pro-collagen I and alkaline phosphatase were upregu-

lated on the RGD-modified compared with native titanium surfaces. Another study

compared linear RGD and cyclo-DfKRG immobilized via silanization to Ti-6Al-4V

surfaces [74]. More human osteoprogenitor cells were found on both RGD-containing

substrates in comparison with the bare Ti-6Al-4V surface. On cyclo-DfKRG, cell

attachment was improved compared to the linear RGD-peptide surfaces, a finding

mentioned already. Senyah et al. studied cell behavior with respect to specific RGD-

peptide titanium surfaces with different hydrophobicity [75]. They observed that the

number of adhering cells increased following changes in the peptide hydrophobicity,

demonstrating that not only the RGD sequence but also physicochemical properties

were responsible for enhanced adhesion of cells to non-biological surfaces. However,

the influence of the latter can be advantageous in terms of synergy, but can also be

detrimental in masking the effect elucidated by the specific bio-functional species

(e.g., RGD-peptide). Pallu et al. investigated the differentiation of human osteopro-

genitor cells on simply physisorbed cyclo-DfKRG compared to cyclo-DfKRG linked
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covalently (using a thiol or phosphonate anchor) to Ti-6Al-4V surfaces, as mentioned

above [76]. Peptides with a phosphonate anchor contributed to higher cell adhesion

and a stronger alkaline phosphatase and core binding factor 1 mRNA expression

than the other two surfaces (thiol-anchored and bare titanium). By contrast, the

same peptide coated with a thiol anchor stimulated differentiation of human osteo-

progenitor cells better than the other two surface types within 3 days of culture.

Whether this difference was the result of the different anchoring system or a differ-

ent peptide density remains unclear. Another strategy is the use of polypyrrole for

coupling CDRGDSPK to titanium surfaces [77]. Neonatal rat calvarial osteoblasts

were studied on these peptide-PPy modified surfaces and higher amounts of cells

attached in comparison to unmodified PPy titanium.

In our view, an immobilization of peptide sequences needs a carrier system that

“shields” the implant surface from the biological environment, resulting in signifi-

cantly reduced non-specific processes, such as protein adsorption. Thus, it is pos-

sible to study peptide-cell interaction directly without any interference from blood

plasma or serum proteins. Such an approach, based on a “silent” background, might

be less common in implant applications, although it is already strongly recognized

as a prerequisite in the development of bioaffinity sensor chips [48]. Some of these

approaches are discussed in more detail in the next section.

2.2.3 Surfaces with Non-fouling Character

Different approaches have been reported to render surfaces resistant to protein ad-

sorption, the so called “non-fouling” or “anti-fouling” surfaces [78]. Polyethylene

glycol (PEG) (or polyethylene oxide (PEO)), which was discovered almost 40 years

ago [79], is still the most frequently used material to produce non-fouling surfaces.

Excluded volume, osmotic and entropic repulsion effects, as well as screening of in-

terfacial charges [80], have been discussed in the context of the mechanisms involved

in rendering PEGylated surfaces anti-fouling. Other chemical systems are similarly

effective, including poly(2-methyl-2-oxazoline) (PMOXA) [81], N-vinyl pyrrolidone

(NVP) [82] and polysaccharides [83], as well as other neutral polymers such as

poly(hydroxyethyl) methacrylate (PHEMA) [84], polyacrylamide (PAAm) [85] and

phosphorylcholine [86]. Many approaches can be used to immobilize PEG onto

surfaces and some are compatible with titanium surface chemistry. Covalent attach-

ment of reactive PEGs, preferentially under cloud-point conditions [87], molecular
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assembly approaches [20, 88] and formation of Interpenetrating Networks (IPNs)

[89–92] are a few examples of successfully used approaches. IPNs can be considered

as hydrogels and are therefore not further discussed within this review. However,

at present, the most interesting strategy involves the combination of gaining control

over non-specific protein adsorption and introducing specific bioligands, such as cell-

interactive peptides linked covalently to the non-fouling adlayer. Such biomimetic

surface modifications [65, 93], provided that the coatings are thin enough, can then

be applied to topographically structured, rough surfaces (as often used for metal im-

plants in bone applications), without altering the overall surface topography. This

gives the bioengineer a tool to steer attachment, shape and motility of cells by con-

trolled presentation of both topographical cues and specific peptides at controlled

surface density [94]. Some selected examples of biomimetic surface modifications

are described hereafter.

An effective and simple way to minimize protein adsorption onto a surface is the

use of a poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) molecular assem-

bly system [95–97]. These PEGylated surfaces reduce adsorbed protein mass to

less than <5 ng/cm2 [98]. Furthermore, peptide sequences can be attached cova-

lently via vinyl sulfone-cysteine coupling reaction to a fraction of the PEG side

chains [99]. RGD-peptide modified PLL-g-PEG coated onto smooth and SLA tita-

nium surfaces influenced the attachment and spreading of rat calvarial osteoblasts

(Figure 2.3) [20]. Osteoblast spreading increased with increasing RGD-peptide sur-

face density. However, MG63 osteoblast-like cells were found to behave in a less

“osteoblastic” way (as assessed, for example, by decreased transforming growth fac-

tor (TGF)-β1 and prostaglandin E2 (PGE2) expression) on high-density RGD-PEG

surfaces on titanium in comparison with non-adhesive PEGylated surfaces (e.g.,

RDG-PEG control) or low-density RGD-PEG surfaces (<0.05 pmol/cm2) [98]. It

appears, therefore, that surfaces that maximize osteoblast adhesion and spreading

(e.g., high RGD-PEG surface densities) might not be the optimum if one aims to

maximize osteoblast differentiation in vitro. Furthermore, it appears, that a surface

that “forces” osteoblasts into a more spherical and therefore less stretched shape (as

observed on low-concentrated RGD surfaces) may be more favorable in terms of early

bone differentiation [100]. An alternative approach to create a surface that might

be more suitable for bone-contacting implants could be the use of other, osteoblast-

specific sequences such as KRSR or FHRRIKA. The PLL-g-PEG/PEG-peptide im-

mobilization system demonstrated that primary osteoblasts outgrown from bone
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chips of rat calvariae covered a significantly larger area in contact with KRSR- or

FHRRIKA-peptide modified rough titanium surfaces, compared with an unmodi-

fied PLL-g-PEG surface [101]. Bacteria adhesion (Staphylococcus aureus, Staphy-

lococcus epidermidis, Streptococcus mutans and Pseudomonas aeruginosa) on both

non-functionalized PLL-g-PEG and RGD-functionalized PLL-g-PEG surfaces was

also significantly reduced after 24 h (Figure 2.3) [102, 103]. Thus, a coating with

RGD-functionalized PLL-g-PEG has the potential to modify medical implants, as

it inhibits bacterial growth, while still having the ability to interact with cells, such

as osteoblasts, via the presented bioligands (peptides).

Groll et al. described another approach using star-shaped poly(ethylene glycol)

prepolymers (star-PEG) that were modified with linear RGD peptides (gRGDsc)

[104]. Cell adhesion, spreading and survival for up to 30 days were observed on

RGD-peptide coatings, whereas no cell adhesion could be detected on unmodified

star-PEG layers. In addition, cell attachment was controlled by variation of the

RGD concentration. Expression of osteogenic marker genes after 14 days using dif-

ferentiation conditions and RGD-star-PEG modified surfaces showed comparable

data with tissue culture polystyrene (TCPS) substrates, indicating that this new

type of polymer does not influence the differentiation process in a negative way.

To open new windows into therapeutics and preventive approaches, a surface mod-

ification using peptides might not be the final solution. Surfaces with additional

functionalities may be required to rapidly stimulate formation of desired tissue at

the interface; for example, growth factor-containing coatings.
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Figure 2.3: Fluorescent images of rat calvarial osteoblasts (left column)

stained for actin (green) and nuclei (blue) and scanning electron mi-

crographs of Staphylococcus aureus (right column) on different poly(L-

lysine)-graft-poly(ethylene glycol)(PLL-g-PEG) modified surfaces in

comparison with bare titanium (Ti) after 24 h in culture. A coating with

the non-fouling polymer PLL-g-PEG (PEG) and PLL-g-PEG/PEG-

RDG (scrambled peptide, bio-inactive; RDG) reduced osteoblast and

bacteria adhesion significantly compared with bare titanium. The link-

ing of the RGD-peptide to the PLL-g-PEG system resulted in a restora-

tion of osteoblast attachment similar to that found on titanium, S.

aureus, however, was not recognized by the RGD-peptide and its adhe-

sion was in the range of unfunctionalized PLL-g-PEG. The used RGD-

peptide density was 3.0 pmol/cm2. The SEM images are a courtesy of

Dr. Llinos Harris, AO Resarch Institute Davos, Switzerland.
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2.2.4 Surfaces with Drug-eluting Abilities

Biomaterials represent an essential component of modern medical therapy and

helped to significantly improve quality of life of thousands of patients, especially in

orthopedic surgery, such as joint replacement, dental implants, osteosynthesis and

cardiovascular stents. Up until now, the biomaterials story had been an impressive

success. However, complications owing, for example, to patients with impaired heal-

ing, loosening of implant and infection, still limit their unrestricted application. To

create a new implant surface with improved performance after surgical intervention,

especially for patients defined as critical from the perspective of bone formation or

wound healing, the approach to deliver drugs locally, through drug-eluting surfaces,

is finding increased interest among researchers. Instead of systemic application, the

use of a locally applied drug delivery system has not only the advantage that the

pharmacological properties of conventional drugs can be improved by altering their

biodistribution (BD) and pharmacokinetics [105, 106], but can also reduce undesired

side effects in the patient’s body.

Improved BD and pharmacokinetics are able to provide continuous drug levels in

a therapeutically relevant range, reduced side effects owing to targeted delivery,

decreased amount of drug required, better patient compliance and better adminis-

tration of drugs with short half lives (e.g., peptides).

In the new millennium, drug-eluting stents (DES) have emerged, especially to solve

in-stent restenosis. Being one of the hot research topics currently, many products

can be expected from that specific area in the near future [107, 108], stimulating

other fields of biomedical devices, for example, dental implants. Since stents are

only one of the many possible implant surfaces, investigated for drug delivery, a few

other approaches will now be discussed.

A relatively new technique is a dipping the implant in platelet-rich plasma (PRP),

a modification of fibrin glue made from autologous blood [109]. However, there is a

lack of scientific evidence to support this novel and potentially promising technique

and more well-designed and controlled studies are required. By contrast, autolo-

gous materials preclude the manufacture of implants outside the operation room

and thus remain relatively complicated to handle. Another approach is the covalent

linking of proteins to surfaces as reported, for example, by Puleo et al.. They have

used plasma polymerization of allyl amine on Ti–6Al–4V surfaces to immobilize

bone morphogenetic protein (BMP)-4 [110]. Pluripotent C3H10T1/2 cells cultured
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on these surfaces showed higher alkaline phosphatase activity than cells on simply

adsorbed BMP-4 surfaces or control substrates. Smith et al. have shown that the in-

corporation of diazeniumdiolates as nitric oxide (NO) donors used in polymers [111]

to coat medical devices, thus mimicking the non-thrombogenic endothelial cells, re-

duced platelet aggregation on implants significantly [112]. A number of attempts to

incorporate and release growth factors from biodegradable polymers have also been

reported, for example, for musculoskeletal tissue engineering purposes, nerve regen-

eration [113] or wound healing [114, 115]. However, only few examples are known of

growth factor delivery from titanium implant surfaces. One is the approach of link-

ing BMP-2 covalently to titanium surfaces through a chemical conjugation process

[116], promoting osteogenic attachment to implants. Not only enhanced implant

integration, but also prevention of infections at site of implant, is of great interest.

Local delivery of antimicrobial therapy can reduce significantly the side effects of the

systemic use of antibiotics. Ambrosio’s lab used the sol-gel method to incorporate

ampicillin into TiO2/poly(ε-caprolactone) (PCL) hybrid material for local delivery

to implant sites [117].

2.2.5 Some in vivo and Stability Considerations

Many studies have demonstrated that a (bio)chemically modified titanium surface

can influence cell responses in vitro. However, in vivo data is still rare and sometimes

very difficult to interpret or compare, owing to non-standardized experimental se-

tups. Additionally, a careful, quantitative characterization of the surfaces implanted

is sometimes missing (e.g., contamination, “available” peptide density), making it

difficult to judge the “real” influence of biological factors on the performance of the

(bio)chemically modified implant.

Buser et al. have investigated titanium implants with a modified SLA surface (mod-

SLA; commercial name is SLActiveTM [118]), that were stored in physiological NaCl

solution following acid-etching to avoid contamination with molecules from the at-

mosphere prior to implantation in miniature pigs. A greater mean percentage of

bone implant contact at 2 weeks and 4 weeks of healing compared with the standard

implant surface (SLA) was found [119] (Figure 2.4). After 8 weeks, the results were

similar, indicating enhanced bone apposition only during early stages of bone re-

generation. Analogically, removal torque experiments from the same group revealed

that modSLA implants showed 8–21% higher values than those of SLA implants for
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week 2 and 4 [120].

Figure 2.4: Histological sections showing bone apposition (undecalcified
ground section, surface-stained with toluidine blue and basic fuchsin)
to a titanium implant with modified SLA surface (modSLA; commer-
cial name SLActiveTM [118]) using a miniature pig model. At 2 weeks,
bone was deposited on the bony wall of the tissue chamber and on the
implant surface. At 4 weeks, the volume density of this scaffold had
increased both by the formation of new trabeculae and by deposition
of more mature, parallel-fibered bone onto the primary scaffold. At 8
weeks, growth and reinforcement resulted in a further increase in bone
density and an almost perfect coating of the implant surface with bone.
Remodeling had started, replacing the primary bone by secondary os-
teons. Reprinted with permission from [119].

As previously mentioned, Morra et al. studied collagen-coated titanium implant

model surfaces using a rabbit tibia model and observed improved bone maturation

and mineralization at the interface in comparison with titanium [121, 122]. Kroese-

Deutman et al. showed that cyclic RGD-modified titanium fiber mesh had a positive

effect on bone formation compared to titanium fiber mesh alone in vivo [123]. Sim-

ilar surfaces were used in another study that investigated Ti-6Al-4V coated with

cyclic RGD implanted in canine [124]. Pushout and histomorphometry experiments

revealed a significant increase in bone and a decrease in fibrous tissue anchorage.

Titanium implants coated with collagen Type I/III or RGD and inserted into the fe-

mur of goats were investigated by Bernhardt et al. [125]. All three coatings showed a

significant increase in bone volume in comparison with the uncoated reference, with

the highest results for the collagen coatings. In another study, titanium substrates

were coated with bone sialoprotein (BSP) and implanted into rat femurs. Histologi-

cal sectioning revealed that the BSP-coating was in fact osteoinductive although the

pullout strengths were a function of implant surface topography and not affected

by the coating [126]. This finding reveals a problem often encountered when per-
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forming in vivo studies with (bio)chemically modified substrates and highlights the

importance of such studies, always including biomechanical tests to prove whether

the newly formed bone is firmly linked to the implant and whether the implant is

mechanically loadable or not.

Germanier et al. coated SLA titanium implant surfaces with RGD-modified PLL-

g-PEG and studied bone apposition in vivo using a miniature pig model [127].

Enhanced bone apposition was only shown during the early stages of bone regen-

eration, whereas there was no difference in bone apposition at later stages of bone

regeneration compared with control surfaces. This could be an indication that the

PLL-g-PEG polymeric coating had a limited life-time. Long-term stability of PLL-

g-PEG polymer surfaces was investigated by VandeVondele et al. [99]. Adlay-

ers adsorbed onto TCPS were incubated with phosphate buffered saline (PBS) or

serum-containing media over 10 days and then seeded with cells. Cell proliferation

was assessed with WST-1 and shown to be comparable with data obtained on freshly

prepared corresponding PLL-g-PEG coatings.

There is little known about the fate of such polymeric coatings in vivo and pre-

dictability is correspondingly difficult under in vivo conditions; the benefit of mono-

layer coatings might be strongly dependent on a particular application or a dramatic

effect elucidated on the very short term. Indeed, the question about the time during

which a (bio)chemical coating has to be stable and functional in vivo is far from

being answered definitely. Would it be enough to be stable over a short time period

of a couple of days to “attract” certain cell types (or stop others from attachment)

and to avoid inflammatory processes (or bacterial adhesion) or must the coating

place and active for weeks or even months to ensure cell differentiation and finally

bone formation?

Other disadvantages associated with the use of adsorbed coatings on surfaces might

be the limited wear resistance and possible alteration and degradation over longer

time periods owing to biological activity. Damage or removal of such a coating when

exposed to wear (as can happen during implantation) can be reduced to some extent

through topographical features of the implant surface, such as the rough SLA dental

implant surface [128]. Another approach would be the covalent bond of the biologi-

cal species with the substrate. However, it must be kept in mind that, although such

a bound biomolecule is in general much more stable under physiological conditions

and also more resistant to disruption, its conformation or orientation can be altered

during the chemical immobilization, resulting in disturbance of the bioactive center
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and hence reduction or even loss of its biological activity.

Before successful industrial application of ultra-thin organic surface coatings, more

tests, including sterilization and stability experiments as well as aging assays to

investigate shelf-life behavior, are required. A problematic point might be X-ray

treatment, a technique typically used for sterilizing implants. It was found recently

that sterilization of PEG by X-ray radiation led to a degradation of the polymer

and, thus, a loss of protein resistance [129]. However, other sterilization techniques

such as filtration of the polymer solution prior surface coating, used successfully in

the laboratory [20] can also be applied on an industrial scale. In terms of scalabil-

ity, large batch sizes and compatibility with modern industrial and environmentally

acceptable production techniques, surface coatings using monomolecular assembly

techniques have clear advantages and, even from an economic point of view, are

potentially very cost-effective (e.g., material costs are in the order of 1 cent/cm2)

[48].

2.3 Conclusion

Although titanium is already an excellent implant material and used widely in

bone-contact applications, surface modification has significantly improved its per-

formance. Modification of titanium surfaces can be more or less divided chrono-

logically into these three areas: (i) Modification of topography, (ii) Modifica-

tion of (bio)chemistry using biologically inspired surfaces, (iii) Modification of

(bio)chemistry using drug-eluting surfaces.

Modification of surface topography has led to defined macro, micro- and nano-

topographies to reduce healing times and accelerate integration into the host tissue.

Most of the development of newly structured surfaces, however, was made in the

past and only a few new techniques have been developed in recent years.

However, modification of surface (bio)chemistry based on biological principles has

become very promising nowadays, in terms of triggering cell-selective response, resis-

tance to bacteria attachment, reduction of the risk of inflammation, improvement in

reliability and long-term performance of the device. Such new strategies might also

be the only solution for osteoporosis and diabetes patients defined as critical from the

perspective of bone-forming capacity or wound healing. Although many approaches

have been described in the literature, the focus of this review is on biologically in-
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spired, specific surface modifications by means of ultra-thin organic adlayers and/or

biological molecules: surfaces with controlled physicochemical properties, surfaces

containing biological molecules, non-fouling surfaces and surfaces with drug-eluting

character. Each of these approaches has clear advantages and disadvantages and

both in vitro and in vivo studies have been discussed extensively.

Many studies using different immobilization strategies, such as passive adsorption,

covalent linking of biomolecules or immobilization thereof using (non-fouling) poly-

meric surfaces, are presented in this review. However, we strongly believe that the

future of modifying titanium surfaces for biomedical applications will make use of

even more sophisticated surfaces with, for example, drug delivery abilities, which,

in turn, have the potential to bring a significant new boost to therapeutics and

preventive approaches.

2.4 Future Perspectives

Cellular biologists and material scientists are really coaxing bone-healing cells to

improve the way titanium bonds with bone. Titanium is already an excellent im-

plant material, being inert and rarely causing adverse reactions. But still the bond

formed when bone meets bone cannot be entirely mimicked by titanium meeting

bone. This process can be very slow and sometimes not successful at all. To improve

osseointegration, one could think of different approaches. A rather straightforward

method would be the direct covalent immobilization of growth factors or drugs that

stimulate osteoblast proliferation and/or differentiation to the implant titanium sur-

face. Thinking of more refined approaches, a biodegradable linker, releasing growth

factors or drugs upon cellular contact, could be combined with titanium surfaces

(Figure 2.4f). As a drug delivery approach, poly(lactic-co-glycolic) acid (PLGA)

biodegradable microbeads or lipid vesicles that contain drugs could be either linked

covalently to the titanium surface or incorporated into polymer multilayers or hy-

drogels, serving at the same time as a scaffold.
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3
Materials and Methods and

Complementary Information

3.1 Poly(L-lysine)-graft-poly(ethylene glycol)

3.1.1 Synthesis and Characterization

Unfunctionalized PLL-g-PEG

Unfunctionalized PLL-g-PEG was synthesized according to protocols by [1, 2]. In

brief, poly(L-lysine) hydrobromide (PLL-HBr) was dissolved in sodium borate buffer

and sterilized with a 0.22 μm filter. Succinimide propoinate methoxy-PEG (mPEG-

SPA) at a molecular ratio corresponding to a grafting ratio g=3.5 was added and

the reaction was allowed to proceed for 6 hours at room temperature. Dialyzation

was done first against phosphate buffered saline (PBS, pH 7.4) and then deionized

water each for 24 hours before the product was freeze-dried and stored at -20 ◦C.

Table 3.1: Components used for the synthesis of poly(L-lysine)-graft-
poly(ethylene glycol)
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Peptide-functionalized PLL-g-PEG

Table 3.2: Components used for the synthesis of functionalized

poly(L-lysine)-graft-poly(ethylene glycol)polymers including abbrevia-

tions, molecular weights and supplier. Data for PLL and mPEG-SPA

can be found in Table 3.1.

Peptide-functionalized PLL-g-PEG was synthesized starting off from the protocol

of VandeVondele et al. [3]. However, in the course of this thesis some changes
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and improvements were introduced. Thus, the protocol presented is the results of

a continuous improvement process especially in terms of yield and degree of func-

tionalization. PLL-g-PEG/PEG-Lyspep and PLL-g-PEG/PEG-TG used for linking

growth factors or drug delivery carrier, respectively, were synthesized the same way

(for abbreviations: see Table 3.2). All amounts used in this protocol have been

optimized for a synthesis of 50-100 mg total weight.

Peptides and NHS-PEG-VS were reacted for 5 min in a salt buffer solution contain-

ing 10 mM HEPES (N-(2-hydroxyethyl)-piperazine-N’-2-ethanesulfonic acid; Sigma-

Aldrich, Buchs, CH) at pH 8.4. PLL hydrobromide was dissolved in HEPES and

added to the reaction. After one hour mPEG-SPA was dissolved in HEPES and

added to the final mixture that was stirred for 24 hours at room temperature. 50 μl

of β-mercaptoethanol (Fluka, Buchs, CH) was used for quenching and prior to freeze-

drying, the mixture was dialyzed against deionized water for 48 hours. Deionized

water was changed twice a day. Polymers resulted in a white powder and were kept

frozen at -20 ◦C before use.

Polymer architecture defined through grafting ratio g and amount of functionaliza-

tion were investigated by nuclear magnetic resonance spectroscopy (NMR; kindly

performed by Doris Sutter, NMR service at ETH Zurich) whereas adsorbed mass of

polymers and their resistance against non-specific protein adsorption were examined

with optical waveguide light mode spectroscopy (see 3.3.1).

3.1.2 Formation of the PLL-g-PEG Adlayer (Coating)

Frozen samples of dehydrated PLL-g-PEG polymer powders were warmed up to

room temperature, dissolved in a salt buffer solution (denoted hereafter as HEPES

2) containing 10 mM HEPES and 150 mM NaCl at pH 7.4 (to reach a final con-

centration of 0.5 mg/ml) and filter sterilized (0.22 μm filter, Milian, Basel, CH).

Functionalized PLL-g-PEG polymers were diluted with unfunctionalized PLL-g-

PEG to prepare the designated peptide surface densities. Substrates were sterilized

in an oxygen plasma cleaner for 2 minutes, transferred to a 24 well plate and cov-

ered immediately with PLL-g-PEG solution (300 μl for smooth samples, 500 μl for

SLA discs). Control surfaces (e.g., bare TiO2) were exposed to HEPES2 in order

to minimize adventitious contamination on the surface. Substrates were incubated

for at least 30 min at room temperature followed by a wash with HEPES2 to re-
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move loosely bound PLL-g-PEG polymer. HEPES2 was removed not until cells

were seeded.

3.1.3 Formation of Growth Factor Modified PLL-g-PEG

Frozen samples of PLL-g-PEG/PEG-Lyspep powders were warmed to room temper-

ature, dissolved in a salt buffer solution (denoted hereafter as TBS) containing 10

mM Tris and 150 mM NaCl at pH 7.4 (to reach a final concentration of 0.5 mg/ml),

filter sterilized (0.22 μm filter, Milian, Basel, CH) and used to coat the surfaces.

Substrates were sterilized for 2 min using oxygen plasma and subsequently coated

with PLL-g-PEG/PEG-Lyspep polymer solutions (300 μl for smooth substrates and

500 μl for SLA discs). Substrates were washed twice with TBS after 30 min, and fol-

lowing reaction mixture, containing 4 μl of the growth factor TG-VEGF (1.3 μg/μl,

kindly provided by Dr. Martin Ehrbar, University Hospital of Zurich), 10 μl of 1M

CaCl2 (Sigma), 12 μl Thrombin (human Thrombin, Sigma) activated FactorXIII

(kindly provided by Dr. Martin Ehrbar, University Hospital of Zurich) and 174 μl

TBS, was added to covalently link TG-VEGF to the polymer. The substrates were

incubated at 37 ◦C for 45 min and subsequently washed twice with TBS.

3.1.4 Shelf-life and Stability Investigations

Stability of dehydrated PLL-g-PEG coatings after 3 weeks of storage was investi-

gated. SLA CP Ti discs were coated with PLL-g-PEG polymer using standard coat-

ing protocol. Surfaces were washed twice with HEPES2 and twice with Millipore

water prior to dehydration in a vacuum oven for 24 hours (room temperature, 0.01

mbar) and subsequent storage for 3 weeks at ambient lab conditions (room tempera-

ture, 40-50% relative humidity, no light). After 3 weeks, half of the samples were re-

hydrated with HEPES2 for 30 min prior cell seeding with MG63 osteoblast-like cells

whereas the other half of the samples were seeded directly. For comparison, freshly

prepared PLL-g-PEG coated substrates were used. After 7 days, approximately 5

times more MG63 cells were attached on “dry” PLL-g-PEG surfaces than on freshly

prepared ones, indicating a loss of protein-resistance (Kruskal-Wallis: χ2
2=34.69,

p<0.001, Figure 3.1, 3.2). In addition, cells started to agglomerate preferential on

the edges or in the center of “dry” PLL-g-PEG surfaces (Figure 3.2). However, a

rehydration of the “dry” PLL-g-PEG surfaces prior cell seeding resulted in slightly
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Figure 3.1: MG63 osteoblast-like cell proliferation assay on PLL-g-PEG
modified SLA CP Ti discs after 7 days. “Fresh” refers to a newly pre-
pared PLL-g-PEG coating prior cell seeding; “reyhdrated” and “dry”
are PLL-g-PEG surfaces that were stored at room temperature for 3
weeks; “rehydrated” samples were incubated with HEPES2 buffer solu-
tion prior to cell seeding, while the “dry” samples were not rehydrated
before use in cell culture.

higher MG63 cell number in comparison with cells found on freshly prepared coat-

ings but differences were not statistically significant (Tamhane test: p=0.262; Figure

3.1, 3.3).

In parallel, a stability test was performed using rat calvarial osteoblasts on SLA CP

Ti discs and TiO2/OWLS waveguides that were coated with PLL-g-PEG polymer

and then subsequently incubated for 1, 7, 14 and 28 days in HEPES2 buffer solution

prior use.

OWLS measurement revealed that there were no differences in terms of human serum

albumin adsorption on PEGylated TiO2/waveguides that were incubated for up to

28 days in HEPES2 prior measurement (Kruskal-Wallis:χ2
4=2.92, p=0.57, Figure

3.4). No differences were also found for rat calvarial osteoblast cell numbers after

24 hours in culture between the 5 precoated and differently stored surfaces (Kruskal-

Wallis: χ2
4=7.31, p=0.12, Figure 3.4).

3.1.5 Wettability

Contact angle measurements were performed on all novel PLL-g-PEG polymers

to investigate whether functionalization with different peptide sequences had an
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Figure 3.2: MG63 osteoblast-like cells stained for nuclei with DAPI on
“fresh” (a), “rehydrated” (b) and ”dry” (c) PLL-g-PEG SLA CP Ti
surfaces after 7 days in culture. Scale bars correspond to 100 μm.

influence on the surface wettability [4]. TiO2-coated Si wafer were coated with

peptide-functionalized PLL-g-PEG polymers using standard protocols. Contact an-
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Figure 3.3: MG63 osteoblast-like cells stained for nuclei with DAPI on
“dry” PLL-g-PEG SLA CP Ti surfaces after 7 days in culture. Cell
agglomerations were visible on the edge of the samples (a) or in the
center (b). Scale bars correspond to 200 μm.

gle measurements were performed immediately after drying the coated substrates.

No differences were found for advancing and for receding contact angles between the

different types of polymers (Figure 3.5).

3.2 Cells

3.2.1 Cell Cultures

In this thesis several, cell culture systems were used (see Table 3.3). They are all ex-

tensively described in the “Materials and Method” parts of the corresponding chap-
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Figure 3.4: (a) Rat calvarial osteoblast (RCO) cell numbers (white bars
with left y-axis) after 24 hours in culture found on PLL-g-PEG coated
CP SLA Ti substrates that were incubated in HEPES2 buffer solution
for 0 (freshly coated), 1, 7, 14 and 28 days at 4 ◦C. (b) Human serum
albumin (HAS) adsorption (black squares with right y-axis) measured
with OWLS on PLL-g-PEG coated TiO2/waveguides that were incu-
bated in HEPES2 buffer solution for 0 (freshly coated), 1, 7, 14 and 28
days at 4 ◦C.

Figure 3.5: Advancing and receding contact angles of a drop of deionized
water found on different peptide-functionalized PLL-g-PEG polymer
modified smooth titanium substrates in comparison with bare titanium.
The total peptide surface density was standardized for 3.0 pmol/cm2.
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ters. Cell types were selected on the basis of tissues that contact dental implants:

epithelium (epithelial cells), connective tissue (fibroblasts) and bone (osteoblasts).

Table 3.3: Cell types used within this thesis, their abbreviations, ori-

gins, descriptions.

3.2.2 Cell Staining

Protocols for fluorescent staining of focal adhesions (e.g., vinculin) or components

of the cytoskeleton (e.g., actin or microtubules) are usually described very vaguely

in publications. Thus, the following two protocols, developed in collaboration with

Dr. Hamilton (UBC, Vancouver, CAN) [5, 6] are providing all necessary details for

obtaining successful labeling of vinculin, F-actin and microtubules of rat calvarial

osteoblasts, human gingival fibroblasts or porcine epithelial cells. Note: the reader

is strongly recommended to carefully read the data sheet of the chemicals used and

to take precautions into account since some of these chemicals are highly toxic or

even carcinogenic.
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Labeling of Vinculin and F-actin

Vinculin is a cytoskeletal protein (117 kDa) associated with cell-cell and cell-matrix

junctions, where it is thought to function as one of several interacting proteins

involved in anchoring F-actin (filamentous actin) to the membrane. It is localized

to focal adhesions and may carry out its function by stabilizing the interaction

between talin and actin and/or the interaction between talin and cell membrane [7].

The actin cytoskeleton is essential for the integrity and movement of all animal cells.

Actin polymerization, organization of actin networks, and actin-dependent motor

proteins are responsible for cell movements. In addition, vesicles and organelles can

move along the actin filaments and actin filaments also form a scaffold for many

signalling proteins in the cells [7].

Antibodies and Phalloidin

1◦ AB Ms x Human Vinculin (Chemicon International, MAB1624)

2◦ AB Texas Red Goat anti-mouse IgG (H+L) (Molecular Probes, T-862)

Phalloidin FITC labeled (Sigma, P5282), very toxic!

Protocol

How to use the following protocol:

a) Set up appropriate experiments ensuring that a primary delete surface is included

(negative secondary antibody control).

b) All the solutions have to be warmed up to room temperature and the incubation

also takes place at room temperature unless otherwise stated.

c) for vinculin staining only, start with step 1 and skip step 12 and 13

d) for actin staining only, do step 1-5 and 13-15

e) for combined vinculin and actin use the whole protocol

1. Rinse samples with warm (37 ◦C) PBS.

2. Fix cells with 3.7% formaldehyde/PBS Note: Freshly prepared 3.7% formalde-

hyde/PBS solution using paraformaldehyde powder provides even better image

quality. Cells can be fixed in advance and stored for a few days in PBS @ at

low temperatures.
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3. Wash samples 3x with PBS for 5 minutes.

4. Permeabilize cells using 0.5% Triton X-100/PBS for 20 minutes.

5. Wash samples 3x with PBS for 5 minutes.

6. Block unspecific antibody binding using 1% BSA/PBS for 20 minutes.

7. Wash samples with 0.1% BSA/PBS 3 times for 5 minutes.

8. Incubate samples with a 1:200 dilution (in 0.1% BSA/PBS) of the primary

antibody (1◦ AB) for 90 minutes. Note: Place a drop of 30-40 μl on each

sample and cover it directly with a piece of parafilm to avoid evaporation or

invert sample on a drop of antibody solution.

9. Wash samples 3x with 0.1% BSA/PBS for 5 minutes. Note: Fill enough

solution into the well to either remove the parafilm from the sample or remove

the sample itself from the tissue culture surface.

10. Incubate samples with a 1:200 dilution (in 0.1% BSA/PBS) of the appropriate

secondary antibody (2◦ AB) for 60 minutes. Note: Start using aluminum foil

for all the following steps since the 2◦ AB is fluorescent (light-sensitive).

11. Fix samples in 3.7% formaldehyde/PBS for 5 minutes to stabilize the antibod-

ies.

12. Go directly to step 14 or continue with F-actin staining. Wash samples 3 x in

PBS

13. Incubate with 1:100 dilution (in PBS) of Phalloidin FITC for 60 minutes.

Note: No fixation is necessary since Phalloidin reaction is irreversible.

14. Wash samples 10x in PBS.

15. Samples are ready for light microscopy, but can be mounted using mounting

media if desired.
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Labeling of β-tubulin

Microtubules form the part of the cytoskeleton that gives structure and shape to

a cell, serve as conveyor belts moving other organelles through the cytoplasm, are

the major components of cilia and flagella, and participate in the formation of

spindle fibers during cell division (mitosis). Microtubules can function individually

or join with other proteins to create larger structures. These (proto)filaments are

composed of linear polymers of tubulin, which are globular proteins, and can increase

or decrease in length by adding or removing tubulin proteins [7].

Antibodies

1◦ AB Mouse x Tubulin Beta (Chemicon International, MAB3408)

2◦ AB Alexa Fluor 594 Goat anti-mouse IgG2b (γ2b) (Molecular Probes A 21145)

Protocol

How to use the following protocol:

a) Set up appropriate experiments ensuring that a primary delete surface is included

(negative secondary antibody control).

b) All the solutions have to be warmed up to room temperature and the incubation

also takes place at room temperature unless otherwise stated.

1. Rinse samples with warm (37 ◦C) PBS.

2. Fix cells in ice-cooled aceton for 20 minutes in a freezer @ -20 ◦C. Use cold

aceton (stored in freezer) and cover well plate with parafilm for incubation.

Note: Cells can be fixed in advance and stored for a few days in PBS @ at low

temperatures.

3. Wash samples 3x with PBS for 5 minutes.

4. Permeabilize cells using 0.5% Triton X-100/PBS for 20 minutes.

5. Wash samples 3x with PBS for 5 minutes.

6. Block unspecific antibody binding using 1% BSA/PBS for 20 minutes.

7. Wash samples with 0.1% BSA/PBS 3 times for 5 minutes.
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8. Incubate samples with a 1:500 dilution (in 0.1% BSA/PBS) of the primary

antibody (1◦ AB) for 90 minutes. Note: Place a drop of 30-40 μl on each

sample and cover it directly with a piece of parafilm to avoid evaporation or

invert sample on a drop of antibody solution.

9. Wash samples 3x with 0.1% BSA/PBS for 5 minutes. Note: Fill enough

solution into the well to either remove the parafilm from the sample or remove

the sample itself from the tissue culture surface.

10. Incubate samples with a 1:200 dilution (in 0.1% BSA/PBS) of the appropriate

secondary antibody (2◦ AB) for 60 minutes. Note: Start using aluminum foil

for all the following steps since the 2◦ AB is fluorescent (light-sensitive).

11. Fix samples in 3.7% formaldehyde/PBS for 5 minutes to stabilize the antibod-

ies.

12. Wash samples 10x in PBS.

13. Samples are ready for light microscopy, but can be mounted using mounting

media if desired.

3.3 Methods

This section provides information about the principle of the techniques used. Further

information can be found in textbooks (since techniques are widely known) and more

details about instrumentation and settings are given in the corresponding chapters.

3.3.1 Optical Waveguide Lightmode Spectroscopy

Optical waveguide lightmode spectroscopy (OWLS) is a powerful in situ technique

for measuring the adsorption of (macro)molecules onto a surface [8, 9] (Figure 3.6).

The functional principle is based on the evanescent electromagnetic field (approx-

imately 200 nm in height) of guided light, generated by coupling laser light into

a grated waveguide system. The adsorbed mass is calculated from the change of

refractive index in the vicinity of the surface upon adsorption of molecules from

solution. By varying the angle of the incident light beam, the polarization modes



56 3. Materials and Methods and Complementary Information

Figure 3.6: Schematic drawing of the OWLS sensor device (see text for
details): the incoupling angle α is sensitive to changes in the refractive
index of the interfacial layer. Adsorption processes and reactions close
to the surface can be monitored in situ and in real time. The substrate
(optical chip) has to be transparent. Surface modifications can be ap-
plied to the chip according to the particular requirements of the study,
e.g., by depositing a thin, transparent oxide film such as titanium ox-
ide, or by the controlled assembly of functional molecules at the oxide
surface. Source Titanium in Medicine [10].

transverse electric (TE) and transverse magnetic (TM) can be excited. From the

changes of angles of incidence for TE and TM upon molecular adsorption, both the

refractive index and the thickness of the adsorbed layer can be calculated. OWLS

is a fast and convenient technique for the study of polymer and protein adsorption

and its sensitivity is typically 1-2 ng/cm2. Adsorbed masses ma were calculated

according to deFeijter’s approximation:

ma =
na − nc

dn/dc

da (3.1)

where na and nc are respectively, the refractive indices of the adsorbed layer and the

covering medium. dn/dc is the refractive index increment with concentration and da

the thickness of the adlayer. For this study the dn/dc value was set to 0.158 cm3/g

for all PLL-g-PEG based polymers and 0.182 cm3/g for the serum was used.
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3.3.2 Contact Angle

Contact angle (CA) is a very sensitive technique for obtaining information about

a surface at the solid/liquid/vapor or solid/liquid/liquid interface. The principle is

based on the equilibrium at the three-phase boundary (Figure 3.7).

Figure 3.7: Drop of liquid on a solid surface. The interfacial tensions
γij are related to Young’s equation due to the equilibrium at the three-
phase boundary (see text).

A drop of liquid on a solid surface will adjust its shape due to the different interfacial

tensions until a equilibrium is reached as described by Young’s equation:

γsv − γsl = γlvcosθ (3.2)

In this study, dynamic contact angle measurements were performed. In brief, a

drop of water was placed onto the sample through capillary feeding increasing the

static contact angle until a stable contact angle was reached and therefore named as

advancing contact angle. Receding contact angles were obtained vice versa through

decreasing of the volume. Advancing and receding contact angles as well as their

hysteresis are important for the characterization of surface wettability.

3.3.3 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) also known as ESCA (Electron Spec-

troscopy for Chemical Analysis) is a very useful method for surface analysis and it

has become a standard surface-analytical technique. In brief, a sample is irradiated

with monoenergetic soft X-ray (usually from a Mg or Al anode) and the kinetic
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energy of the emitted electrons is measured. The photoelectric effect can be written

as:

Ekin = �ν − φ − Ebin (3.3)

where Ekin denotes the kinetic energy of the emitted electron, �ν the energy of the

photon and Ebin the binding energy of the atomic orbital from which the electron

originates. The parameter φ corresponds to a combined work function, which is

dependent on the work function of the sample and the instrument detection system.

Each element has a unique set of binding energies and therefore XPS can be used

to identify the type and concentration of the elements at the surface. Even though

X-rays penetrate deeply into the material, the emitted photoelectrons escape from

the outermost 5-10 nm of the surface only, making XPS a surface sensitive technique

(Figure 3.8).

3.3.4 Scanning Electron Microscopy

In a scanning electron microscope (SEM) a focussed electron beam (5-35 kV) of pri-

mary electrons is rastered over a sample. Secondary electrons (SE), backscattered

electrons (BSE) and X-rays are emitted from its surface and detected for evalua-

tion. Thus a SEM can provide information about surface topography (SE mode),

material contrast (BSE mode) or chemical composition (characteristic X-rays). The

information depth of this technique is depending on the energy of the electron and

varies typically between 8 nm for the SE and 100-1000 nm for the BSE mode. Main

advantages of this technique include the large depth of focus (especially in compar-

ison with a light microscope), the high lateral resolution (nm range), the feasibility

to study structures with high aspect ratio and the direct production of images of

the surface.

3.3.5 Atomic Force Microscopy

Atomic force microscopy (AFM) uses a sharp microfabricated tip to probe the in-

teraction forces between tip and surface. A laser beam impinges on the back of the
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Figure 3.8: Schematic drawing of the X-ray photoelectronic spetroscopy
measuring principle (see text for details). A detail spectrum (Ti 2p pho-
toelectrons) of a titanium metal surface covered by a natural titanium
oxide film is inserted as an example of the type of analytical/chemical
information XPS can provide. The sampling depth is typically around
5–10 nm, slightly larger than the (natural) oxide film thickness of the
sample (3–4 nm). The spectrum contains information on the type (tita-
nium valence or oxidation state) and thickness of the oxide film. Source
Titanium in Medicine [10].

cantilever (holding the tip) and the reflection is detected with a photodiode (Figure

3.9). Scanning in x and y direction of either sample or tip is performed through high

precision piezo-electric devices. Scanning in z direction (also achieved by piezos) is

controlled with a closed feedback system, which keeps either distance or the inter-

action strength between cantilever and sample constant. In general, AFM is used

to measure topography or roughness of a surface, but force-distance curves can also

provide information on the chemical composition of the surface. One of the main

advantages is that AFM can be used in vacuum, under ambient conditions or even

in liquids.
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Figure 3.9: Atomic force microscopy principle (see text): (1) microfab-
ricated tip, (2) cantilever. (3) laser beam and (4) photodiode. Source
www.physics.leidenuniv.nl

3.3.6 Confocal 3D White Light Microscopy

In contrast to a conventional microscope, a confocal microscope initially creates

just a single point (Figure 3.10a), which is taken exactly from the focal plane. To

get an optical gauge of the entire surface, the specimen has to be scanned step by

step and put together by special software. In this study, the optical illustration

of the full surface was done by a rotating disk (Nipkow disk), where pinholes are

arranged in spiral form (Figure 3.10b). The light travels through the pinholes and

onto the specimen and the returning light passes through the same pinholes. As

the disc spins, a defined area of the specimen is illuminated several times in a

single rotation. The Nipkow-disk works as illumination and detector hole diaphragm

for depth-discrimination. The illumination pinhole is depicted with a microscope

objective on the specimen. A beam splitter decouples the reflected light and deflects

it towards the detector pinhole located on the focus level of the microscope objective.

Therefore, a maximum light level is measured at the detector when the specimen is

with the focus of the objective. The 3D height information is obtained by displacing

of the movement of the microscope objective with the aid of a piezo. For each

height an intensity picture is stored. Therefore, each pixel channel contains the

height information of the respective spot on the specimen. This means each single

height is a function of its intensity [11, 12].
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Figure 3.10: (a) Schematic principle of a confocal point distance mea-
surement and (b) setup for obtaining 3D information about surface
topographies through the use of a rotating Nipkow disk.

3.3.7 Fluorescence Microscopy

Fluorescence microscopy (FM) is an excellent method for analyzing materials that

can be made fluorescent, either by auto fluorescence (natural form) or by labeling

with fluorophores (secondary fluorescence). The latter technique is frequently used

in biology where labeled antibodies serve as specific reagents for the localization

of tissue constituents (immunocytochemistry). The light travels from a powerful

light source (e.g., Xe lamp) through a filter set (exciter filter, heat-protection filter,

red-attenuation filter and luminous-field diaphragm). The dichroic beam splitter

reflects the short-wave exciting light into the sample via the objective. The resulting

emission is gathered by the objective and transmitted by the dichroic beam splitter

because it exhibits longer wavelengths than the excitation light. The rays then also

pass through the emission filter, where the remaining excitation light is filtered out.

As usual, the tube lens and the eyepiece form the microscope image, which now only

consists of fluorescence light.
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Figure 3.11: Illustration showing the beam path in a fluorescence micro-

scope. The principle is explained in the text. Legend: (1) light source,

(2) heat-protection filter, (3) red-attenuation filter/barrier slider, (4)

luminous-field diaphragm, (5) exciter filter, (6) beam splitter, (7) ob-

jective, (8) specimen (8) sample, (9) emission filter, (10) tube lens and

(11) the eyepiece. Source “Microscopy from the very beginning”, Zeiss,

GER.
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The goal of this study was to reproducibly generate samples with complex surface to-

pographies and chemistries identical to a “master surface” and to test their response

in cell culture using rat calvarial cells. Negative replicas of dual-type topography were

fabricated using dental impression material with half of the surface exhibiting smooth

and rough topography, respectively. Positive epoxy resin replicas were cast from the

same negative replica eight times consecutively and coated with a 60 nm thin film of

titanium dioxide using a vapor deposition technique. Atomic force microscopy, scan-

ning electron microscopy, confocal white light microscopy and X-ray photoelectron

spectroscopy, all indicated that TiO2-coated epoxy replicas had surface topographical

features and surface compositions nearly indistinguishable from the original titanium

master surfaces. The described technique showed high reproducibility over at least

eight generations of replication using the same negative replica. Rat calvarial os-

teoblasts proliferated just as well on dual topography surfaces as on single topography
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surfaces. The advantage of the dual-type substrates is that they facilitate compar-

ison within a single culture dish thus eliminating dish-to-dish variation as well as

saving material, time and costs compared to the usual method of evaluating surfaces

in separate dishes.

Keywords: Titanium, surface roughness, replica, physical vapor deposition, cell mor-

phology.

4.1 Introduction

Surface topography has been shown to be an important characteristic that directly

affects cell responses [1] including attachment and adhesion [2, 3], morphology [4],

proliferation [5], differentiation [6] and orientation [7, 8]. Thus, for systematic un-

derstanding of cell responses, surfaces with well-defined physicochemical properties

are a crucial prerequisite in the design of new implant materials. Diverse fabrica-

tion methods have been used, such as micromachining, particle blasting, plasma

spraying and particle blasting combined with acid etching [9–14] to produce rough

metallic surfaces with stochastic micro- and nanoroughness [8, 15]. Another ap-

proach for surface modification is microfabrication that creates geometrically de-

fined microstructures typically used for the study of single cells in the laboratory

[15–17]. However, some of the techniques above can alter surface charge, surface

energy or surface chemistry [11]. Massaro et al., for example, have found in the

case of commercially manufactured titanium dental implants a variety of elements

and chemical compounds not related to the metal composition [18]. Besides the

usually time-consuming and cost-intensive fabrication methods, another important

drawback is that the surface topographies obtained differ from sample to sample

due to the random character of the techniques applied, or, as in the case of micro-

fabrication, typically only a limited number of substrates is available.

One way to overcome the variability between sample topographies and to produce

a large number of samples with surface properties as identical as possible, is the use

of an epoxy resin-based replica technique as described, for example, by Wieland et

al. [13]. This replica process consists of three steps: (1) cast of a negative replica

from a master substrate (Figure 4.1a), (2) cast of a (positive) epoxy replica from

the negative (Figure 4.1b), and (3) coating of the epoxy replica with a relevant thin

metal or metal oxide film.
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The advantage of this system is that only one master sample is needed and, there-

fore, all the produced replicas will have identical surface topography. As a result,

the reproducibility of standard cell culture assays on structured surfaces can be

increased. Furthermore, the replica technique allows the combination of different

surface topographies (from different master samples) on one substrate (Figure 4.2a).

This opens new windows in designing cell culture assays since, up to now, most stud-

ies on cell behavior have used samples with only one type of topography on the same

surface. A third aspect is that this approach allows the production of surfaces with

identical surface topographies but different chemical composition as there is a wide

range of materials that can be deposited in a controlled manner on smooth and

rough substrates.

Although the use of the epoxy replica technique is not entirely new, (see for example

[13, 19–27]) in this study, we describe for the very first time the production and use

of samples with two different topographies (dual-type) on the same specimen (Fig-

ure 4.2a). Moreover, as the fidelity of the replica technique for multiple uses of the

same negative impression is unknown, we tested the reproducibility of eight consec-

utive generations of TiO2-coated dual-type epoxy substrates using scanning electron

microscopy (SEM), confocal white light microscopy (CWLM) and X-ray photoelec-

tron spectroscopy (XPS). The micro- and nano-scale roughness of negative samples

and epoxy replicas were determined with atomic force microscopy (AFM). In order

to test cell response to the TiO2-coated dual-type vs. single-type topography sub-

strates we investigated the proliferation and morphology of rat calvarial osteoblasts

(RCO) after 24 hours of incubation time.

4.2 Materials and Methods

4.2.1 Production of TiO2-coated Epoxy Replicas

Impression of Negatives

Commercially pure (CP) titanium discs exhibiting the so-called SLA surface

(particle-blasted and acid-etched; manufactured by Straumann, Basel, Switzerland)

were chosen as model surfaces for a rough topography. The SLA surface is a type of

topography widely used in titanium dental implants for improved osseointegration.
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Figure 4.1: Overview of the two casting steps of the epoxy replica pro-
cess. (a) Cast of vinyl polysiloxane negative replica from a master SLA
CP Ti substrate (hidden). For comparison, another SLA CP Ti disc
lies besides the 4-well plate. (b) Cast of (positive) epoxy replica from
vinyl polysiloxane negative. Negative replicas were inserted in a PTFE
form to reproduce the macroscopic shape with plane-parallel surfaces,
constant thickness and diameter. Scale bars correspond to 20 mm for
both images.
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Figure 4.2: (a) Idealized view of a smooth/SLA replica sample with
half smooth, half SLA surface topography, coated with a thin layer of
TiO2. Top (b) and side (c) view of a scanning electron micrograph of
a TiO2-coated epoxy replica at the interface smooth/SLA. The epoxy
replica in (c) was fractioned using cryo-fracture technique to allow a
cross-sectional view. Scale bars for images (b) and (c) correspond to
20 μm.
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Its duplex surface structure is obtained through a blasting process with fractured

corundum particles (particle size 250-500 μm) in a first step and a subsequent acid-

etching treatment using a mixture of hot HCl/H2SO4/H2O (1:8:1) [28].

Negative replicas of a SLA CP Ti disc were taken (Figure 4.1a) using vinyl polysilox-

ane (PROVIL novo Light, Heraeus-Kulzer, Switzerland). The siloxane dental im-

pression material was forced into the small cavities with the use of pressurized N2

(5.0 quality, PanGas, Switzerland; 0.22 μm filtered) and dried at room tempera-

ture for 10 min. The obtained negative replicas were cut in half and placed face

down in a 24 well plate (NUNC, Milian, Basel, Switzerland). The uncovered half of

the well plate surface (tissue culture polystyrene (TCPS)) served as master for the

smooth topography and was backfilled with additional impression material. These

vinyl polysiloxane samples were used as negative replicas to cast epoxy-resin (see

next section). Several negative replicas from the same master SLA sample were

produced to fabricate a larger number of samples in parallel. All negative replicas

were degassed at room temperature for 24 hours to remove trapped gas that may in-

terfere with the epoxy-resin cast resulting in undesirable bubble formation. Quality

of negative replicas and potential contamination of the master sample with dental

impression material was surveyed using light microscopy.

Cast of Epoxy Replica

Negatives replicas were inserted (from the bottom) in a polytetrafluoroethylene

(PTFE) template and cleaned with a flow of pressurized N2. Epoxy resin (EPO-

TEK 302-3M; Epoxy Technology, Polyscience AG, Switzerland) was poured into

the designated holes with a diameter of 14 mm (Figure 4.1b) and the surplus wiped

off with a PTFE ruler to ensure plane-parallel samples with a thickness of 2 mm.

The whole set was dried overnight at room temperature and for subsequently three

days in an oven at 60 ◦C. Baked epoxy samples were removed and dismantled from

the negatives. Vinyl polysiloxane negatives were ultrasonically cleaned in Millipore

water (18 MΩcm) for 10 minutes, dried under a nitrogen atmosphere and used for

the production of further generations of epoxy replicas (up to a total of 8 casts).
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Coating with TiO2

Epoxy replicas were ultrasonicated with 2% Hellmanex (HELLMA GmbH Co. KG,

Müllheim, Germany) in Millipore water for 15 min and extensively rinsed for 10

times with H2O. Samples were dried with pressurized N2 and sterile packed under

laminar flow before coating. Clean epoxy substrates were coated with a thin film (60

nm) of titanium dioxide using physical vapor deposition technique (PVD, reactive

magnetron sputtering, Paul Scherrer Institute, Villigen, Switzerland).

4.2.2 Characterization of TiO2-coated Epoxy Replicas

Atomic Force Microscopy

Nano-scale roughness on smooth commonly used model surfaces (TCPS, polished

CP Ti disc and TiO2-coated Si wafer) and TiO2-coated epoxy replicas was measured

with a Nanoscope IIIa (Digital Instruments, Santa Barbara, CA, USA) in contact

mode using a Si3N4 tip (60 mN/m). The scanned area was 10 μm x 10 μm.

Confocal White Light Microscopy

Surface roughness of a SLA CP Ti disc and its TiO2-coated epoxy replicas was

quantitatively measured using confocal 3D white light microscopy (μSurf, NanoFo-

cus AG, Oberhausen, Germany) over an area of 770 μm x 770 μm. Data were

evaluated with Matlab software (Version 7.0.4 R14 for Mac OS X). For analysis, a

plane fit was applied to the whole data set and then individual profiles were fitted

with a polynomial of degree four [25]. The roughness parameters were calculated

for each profile according to DIN EN ISO 4288-98.

Scanning Electron Microscopy

Surface topography was qualitatively examined using scanning electron microscopy

(Hitachi S-4100, Hitachi, Japan) in the secondary-electron mode. The samples were

coated with a 10 nm thin layer of carbon to minimize negative charge accumulation

on the surface. Images were taken at a voltage of 5 kV and an emission current of

45 μA. The samples were divided using cryo-fracture technique for the investigation
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of the TiO2-film and the interface between smooth and SLA topography of the dual-

type epoxy replicas. Therefore, a small cut (approx. 0.5 mm deep; perpendicular

to the orientation of the interface smooth/SLA) from the backside was made using

a saw. After 2 min incubation in liquid nitrogen, the sample was broken along the

cut by hitting the backside edge on a hard table. This allowed a clean cut through

the replica without damaging the titanium dioxide film.

X-Ray Photoelectron Spectroscopy

Surface chemistry was analyzed using X-ray photoelectron spectroscopy. All sub-

strates were cleaned prior the measurements using an oxygen plasma (Harrick

Plasma Cleaner/Sterilizer PDC-32G, Ossining, NY, USA) for 2 min. Spectra

were recorded with a SAGE 100 system (Specs, Berlin, Germany) using non-

monochromatized Al Kα radiation at 320 W (13 kV). Electron-energy analyzer pass

energy was 50 eV for low-resolution surveys and 14 eV for high-resolution detailed

scans. The take-off angle was 90◦ and the analyzed area was 6 mm2 (see [29] for

further details). The quantification of the spectra was carried out by dividing the

integral area through the appropriate sensitivity coefficient [30].

4.2.3 Cell Experiments

Cell Culture

Osteogenic cells, obtained from newborn rat calvariae, were isolated and subcul-

tured as published by Hasegawa et al. [31] and Chehroudi et al. [27]. Cells were

removed with trypsin solution, diluted with Dulbecco’s modified eagles medium

(DMEM) supplemented with 10% fetal calf serum and 1% antibiotic/antimycotic

(all purchased from Invitrogen, Basel, Switzerland) to obtain the desired cell seed-

ing concentration of 104 cells/cm2. All substrates were cleaned and sterilized in an

oxygen plasma for 2 min prior cell seeding. The whole set of surfaces with attached

cells was incubated for 24 hours at 37 ◦C in a humidified atmosphere of 93% air and

7% CO2.
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Fluorescent Labeling

Cells were double-stained for actin and nuclei. Samples were rinsed with warm

10 mM PBS (Sigma-Aldrich, Buchs, Switzerland) and fixed in 3.7% paraformalde-

hyde/PBS (Sigma-Aldrich) for 15 minutes. Cells were permeabilized using 0.5%

Triton-X/PBS (Sigma-Aldrich) for 3 minutes and incubated with Alexa 488 (1:400

dilution in PBS; Invitrogen) for 30 min and after a wash exposed to DAPI (1:1000

dilution in PBS; Invitrogen).

Observation Methods

Osteoblast cell number and morphology were investigated with an epi-fluorescence

microscope (Axioskop Imager M1m, Zeiss, Germany). A 10x objective was used

for cell number and a 40x for cell morphology investigations. An overview image

was created with a motorized stage (xy-table, 75 mm x 50 mm, Zeiss) and Mosaix

software (Version 4.5.3 for Windows XP, Zeiss). Five random images of each surface

topography (smooth and SLA) were taken for each sample. For the cell morphology

evaluation, at least 30 single cells were randomly chosen and mapped. All images

were analyzed with ImageJ software (Version 1.32i for Mac OS X).

4.2.4 Analysis of Cell Morphology

The morphology of cells was described by measuring the footprint area after attach-

ment on the surface using a shape factor Φ which is defined as [4]:

Φ =
4πA

p2
(4.1)

A is the footprint area and p the perimeter of the cell. A shape factor of 1 represents

a perfect circle, whereas a thin thread-like object would have the lowest shape factor

near 0.

4.2.5 Statistics

Comparisons between measurement series of the roughness values were made using

nonparametric tests due to small sample sizes. Cell data was analyzed using para-
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metric tests (SPSS 11.4 for Mac OS X). All mean values are shown ± SE (standard

error). We set our level of significance at 0.05.

4.3 Results

4.3.1 Epoxy Replicas

Nano-scale Roughness of Smooth Surfaces

Roughness values measured with AFM of a standard tissue culture polystyrene sur-

face were compared with other commonly used cell culture surfaces (Table 4.1). The

TCPS surface was found to be slightly “smoother” than a polished CP titanium disc,

a model substrate used in a previous publication of Wieland et al. [13], whereas the

TiO2-coated epoxy replica of the TCPS surface showed roughness values comparable

with the ones of polished titanium.

Table 4.1: Roughness parametersRa and Rq of smooth surfaces, typi-

cally used in cell culture assays, measured with atomic force microscopy

on a 10 x 10 μm2 area.

Characterization of the Topographical Features of SLA

The surface of the SLA CP Ti disc (Figure 4.3a) and its eight consecutive repli-

cas (produced with the same vinyl polysiloxane negative) were assessed with SEM
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and showed identical topographies (Figure 4.3b-d). However, a comparison at higher

magnification (15’000 x) between SLA CP Ti disc images (Figure 4.3e) and its repli-

cas (Figure 4.3f-h) showed a slightly “smoother” structure at the submicron range

for the replicas.

The roughness values Ra (Mann-Whitney: U=2.0, p=0.068), Rq (U=5.0, p=0.201),

Rz (U=3.0, p=0.100) of TiO2-coated epoxy replicas with SLA topographies were

similar to values found on the original SLA CP Ti disc, except for Sm (U=0.0,

p=0.028). Additionally, low coefficients of variability (CV<4%) demonstrated that

the replicas did not change significantly between eight consecutive casts (Table 4.2).

Table 4.2: Roughness values Ra, Rq, Rz, and Sm of a SLA commercially

pure titanium disc and its eight TiO2-coated epoxy replica measured

with confocal white light microscopy on a 770 x 770 μm2 area.

Interface Smooth-SLA of Dual-type Replicas

The interface between the smooth and the SLA part of the dual-type replica was

investigated by SEM. An approximately 50-60 μm wide border area was found to

consist of a mixture of smooth and SLA topography (Figure 4.2b). Observing the

sample at an angle in the SEM, the difference in height (step) between the smooth

and the SLA part of the replica could be estimated to be 50 μm (Figure 4.2c).
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Figure 4.3: Scanning electron micrograph of a SLA commercially pure
titanium disc (a, e) and its first (b, f), fourth (c, g) and eight (d, h) con-
secutive cast of epoxy resin. All epoxy replicas were manufactured using
the same vinyl polysiloxane negative and were coated with a 60 nm thin
film of titanium dioxide. A mechanical mark on the master substrate
was used to find exactly the same area/position in the SEM. The arrow
in (e) indicates a grain boundary. Scale bars correspond to 15 μm for
(a-d) and 1 μm for (e-h).
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Characterization of the TiO2-film of Replicas

The physical-vapor-deposited TiO2 film observed on the epoxy replicas was found to

be homogenous for both surface topographies, smooth (Figure 4.4a) and SLA (Fig-

ure 4.4b). There were no visible surface defects in the TiO2-layer. The thickness of

the film was estimated to be approximately 60 nm by SEM.

Surface-chemical analysis by XPS of TiO2-coated epoxy replicas showed pure tita-

nium oxide (Table 4.3). The Ti/O ratio of TiO2-coated replicas (0.34) was compa-

rable with to ones found for TiO2-coated Si wafers (0.36) but slightly lower than the

ones measured for SLA CP Ti discs (0.41).

Table 4.3: XPS elemental concentrations of TiO2-coated epoxy replica,

TiO2-coated Si wafer and commercially pure titanium SLA disc mea-

sured on a 6 mm2 area.

4.3.2 Osteoblast Experiments

The numbers of osteoblasts attached after 24 hours (t(36)=0.167, p=0.868; Figure

4.5a), their footprint areas (t(159)=0.201, p=0.841; Figure 4.5b) and shape factors

(t(159)=0.307, p=0.759; Figure 4.5c) on smooth TiO2-coated replicas with single to-

pography were similar to the ones found on the smooth part of the TiO2-coated dual-

type substrates. The same correspondence was found for the SLA surfaces (numbers

of osteoblasts: t(43)=-0.134, p=0.868; footprint areas: t(124)=-0.212, p=0.833; shape

factors: t(124)=-0.307, p=0.759).

Significantly more osteoblasts were attached to SLA than smooth surfaces through-
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Figure 4.4: Scanning electron micrograph of the physical vapor de-
posited titanium oxide layer (marked by arrow) of an epoxy replica
found on (a) the smooth and (b) on the SLA topography surface. The
epoxy replica was fractioned using cryo-fracture technique to expose the
titanium layer. Scale bars correspond to 300 nm for both images.
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Figure 4.5: Cell number (a), cell footprint area (b) and cell shape factor
(c) of rat calvarial osteoblasts on dual-type vs. single smooth and single
SLA substrates. All substrates were manufactured via the epoxy replica
technique and coated with a 60 nm thin film of titanium dioxide.
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out the test set (F(3,79)=4.387, p=0.007; Figure 4.5a). Mean osteoblast footprint ar-

eas were larger on smooth compared to SLA topographies (F(3,283)=6.129, p<0.001;

Figure 4.5b). Osteoblasts on SLA surfaces were more circular, i.e., they had higher

mean cell shape factor compared to smooth substrates (F(3,283)=9.738, p<0.001;

Figure 4.5c).

4.4 Discussion

4.4.1 Master Substrates, Negatives and Their Replicas

Roughness values for the smooth TCPS surface were lower than those from pol-

ished CP Ti (Table 4.1) indicating that the chosen TCPS surface can be used as a

reasonably “smooth” master surface for the replication process. Moreover, the TiO2-

coated epoxy replica had similar roughness values as the polished titanium surface,

a “smooth” substrate commonly used in cell culture assays [13]. Curtis et al. [32]

have reported that cells can react to objects as small as 5 nm, a value that is slightly

larger than the mean roughness values of all the substrates as summarized in Table

4.1, suggesting that the cells should consider these surfaces as “smooth”.

The described technique of “backfilling” half a SLA negative sample (that is lying

upside down in a 24 well plate) with additional impression material had the con-

sequence that some impression material flow slightly underneath the negative due

to the (from the side) open SLA structure. Indeed, when considering the interface

between smooth and SLA of a TiO2-coated epoxy replica, a zone of approximately

50-60 μm in width with a mix of smooth and SLA topography was visible (Figure

4.2b). Additionally, a difference in height between these two topographies of approx-

imately 50 μm was also observed (Figure 4.2c). One way to (partially) overcome

this problem would be the design of a master substrate with both topographies on

the same surface, for example through exact alignment of two substrates by means

of tools used in photolithography. Such a sample might be quite difficult and also

highly expensive to fabricate; also, combining a rough surface such as SLA with a

smooth one always results in a small step (at most in the range of Rz≈20 μm; see

Table 4.2) at the interface. This mixed zone, however, was small (50-60 μm) com-

pared to the dimensions of the entire sample (14 mm in diameter) and, therefore,

should be of only minor influence in standard cell culture assays. Additionally, the
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Figure 4.6: Fluorescence microscope image of rat calvarial osteoblasts
stained for actin (green) and nuclei (blue) on a TiO2-coated epoxy
replica with half smooth (left) and half SLA (right) topography (ar-
row and white lines indicate the interface). Scale bar corresponds to
100 μm.

step between the smooth and the SLA topography was negligible when using light

microscopy techniques, since the magnifications used to map both surface topogra-

phies at the same time in one image were usually low (4-10 x) and, therefore, always

in the same depth of focus. Furthermore, when working with a position-controlled

stage to image a large area of the sample (including the interface) each single pic-

ture can be taken with appropriate focus prior to stitching them together. (Figure

4.6). The technique used, precisely replicated the highly complex SLA topography

at the micrometer level (Figure 4.3 and Figure 4.7). In some cases, depending on

the absolute position of the feature in respect to the surface structure (e.g., top

or bottom of cavities), it was possible to replicate very small details such as grain

boundaries (Figure 4.3e-h, see arrow) over the entire replicating life of a negative.

However, at the submicron scale, the TiO2-coated epoxy replica showed a somewhat

“smoother” topography than its SLA CP Ti disc, which was most likely the result

of the PVD titanium coating (60 nm in thickness). This vapor-deposited titanium

film smoothed the (nano)roughness of the replica in a similar way as for example a

snowfall on a rocky landscape does (Figure 4.4). Reactive magnetron sputtering is

a technique known to have a decent both macro- and micro-scale throwing power in

comparison to essentially line-of-sight deposition such as for example evaporation.
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TiO2-coated replica surfaces showed similar Ti/O ratios as TiO2-coated Si wafers,

model substrates usually used for protein adsorption studies [29] (Table 4.3). These

ratios (0.34-0.36), however, were slightly lower than the one found for SLA CP Ti

discs (0.41) and also lower than the theoretical value (0.5) of stoichiometric TiO2.

This abundance for O on all surfaces can be explained through carbon contami-

nations (-C-O-H and -C-OOH; see [33] for details), whereas the higher Ti value of

CP Ti in comparison with sputter coated TiO2 surfaces is caused most likely by an

additional peak detected for metallic Ti (see, for example, [13]).

The ability to cryo-fracture a sample made from epoxy resin, opened new approaches

to examine in cross section the duplex nature of the SLA topography: namely the

microstructured topography (20-50 μm) obtained through the blasting process and

the sub-micrometer topography from the subsequent acid etching treatment (Figure

4.7). Furthermore, it has already been demonstrated that epoxy-made samples can

be easily cut for histological sections [19] unlike titanium or other metal samples.

4.4.2 Reproducibility of the Epoxy Replica Technique

The quality of the rough SLA surface using the replica technique did not change

significantly in terms of roughness values after a cast over eight series using the

same vinyl polysiloxane master and were all similar to their SLA CP Ti master

sample (Table 4.2). Although the SLA topography had undercuts produced by

acid-etching, the impression material (vinyl polysiloxane) was not damaged to an

appreciable extent during the dismantling as assessed by SEM (Figure 4.4b-d; f-h).

4.4.3 The Dual-type Surface Topography for Cell Experi-

ments

The proliferation tests with rat calvarial osteoblasts have demonstrated that the

samples with both a smooth and a SLA component on the same surface can be

successfully used instead of single surface substrates in cell culture assays, saving

material, time and costs. Osteoblast cell numbers, footprint areas and shape factors

(Figure 4.5) were found to be statistically non-different for each surface topography

(smooth or SLA) and also independent from type of substrate (dual-type or single

type). In general, more osteoblasts were found on SLA in comparison with smooth
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Figure 4.7: Scanning electron micrograph of the SLA part of a TiO2-
coated epoxy replica after cryo-fracture. The SLA shows clearly its
duplex surface character: microstructured topography in the range
of 20-50 μm originating from the blasting process and submicro-
/nanostructured topography from the subsequent acid-etching treat-
ment. The white line in (b) visualizes the effect of the particle-blasting.
The scale bars correspond to 15 μm in (a) and 8 μm in (b).
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surfaces. They were also found to have a smaller footprint area and being more

spherical on SLA than on the smooth topography. This finding is in agreement with

a previously published study [4].

Still, it should be noted that the current study was carried out over a time period of

only 24 hours; over longer time periods there is the possibility of “cytokine crosstalk”

between cells on different surface topographies that might influence each other in an

unanticipated way. On the other hand, the dual-type surfaces might find application

in studies where the intention is to examine cell responses to different topographies

exposed to a common medium.

4.5 Conclusions

Our findings have demonstrated that the manufactured TiO2-coated epoxy replicas

had similar surface roughness and surface chemistry as comparable metallic sam-

ples. Furthermore, the replica technique showed high feasibility to precisely repli-

cate highly complex 3-D structures in the millimeter, micrometer and (partially)

sub-micrometer range and to produce identical surface topographies with constant

surface chemistry over at least eight generations. Such replicas provide the possibil-

ity to observe exactly the same structure in different experiments, e.g., by applying

a mechanical mark to the master. This advantage could open new windows in the

observation of cell behavior on a randomly structured surface. Additionally, the

feasibility of coating epoxy replica samples with practically any metal using PVD

technique provides the possibility to investigate the effect of surface chemistry inde-

pendently from surface topography on morphologically complex surfaces. Moreover,

we have shown that the replica technique allows the fabrication of substrates with

more than one type of topography on the same surface, which not only is difficult

but also extremely expensive to obtain with other surface engineering techniques.
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Surface topography and (bio)chemistry are key factors in determining cell response to

an implant. We investigated cell adhesion and spreading patterns of epithelial cells,

fibroblasts and osteoblasts on biomimetically modified, smooth and rough titanium

surfaces. The RGD bioactive peptide sequence was immobilized via a non-fouling

poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) molecular assembly system,

which allowed exploitation of specific cell–peptide interactions even in the presence of

serum. As control surfaces, bare titanium and bio-inactive surfaces (scrambled RDG

and unfunctionalized PLL-g-PEG) were used. Our findings demonstrated that sur-

face topography and chemistry directly influenced the attachment and morphology of

all cell types tested. In general, an increase in cell number and more spread cells were
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observed on bioactive substrates (containing RGD) compared to bio-inactive surfaces.

More fibroblasts were present on smooth than on rough topographies, whereas for os-

teoblasts the opposite tendency was observed. Epithelial cell attachment did not

follow any regular pattern. Footprint areas for all cell types were significantly re-

duced on rough compared to smooth surfaces. Osteoblast attachment and footprint

areas increased with increasing RGD-peptide surface density. However, no synergy

(interaction) between RGD-peptide surface density and surface topography was ob-

served for osteoblasts neither in terms of attachment nor footprint area.

Keywords: Titanium oxide, surface topography, surface modification, biomimetic

material, peptide, cell morphology.

5.1 Introduction

The success of an implant in dental applications depends on its strong anchorage to

the surrounding bone [1] in order to withstand the continuous cyclic loading that

occurs during mastication. Several factors, such as surgical technique, implant de-

sign, surface topography and surface (bio)chemistry are known to influence the bone

ingrowth to an implant [2] . The optimization of the surface properties based on

topographical and (bio)chemical surface modification [3, 4] has become a key issue

in the development of improved devices.

Topographical modification of titanium surfaces using either geometrically defined

features [5, 6] or random structures [7–15] has been shown to affect cell behavior

in vitro [16] and in vivo [17–20]. For example, osteoblasts exhibit a more mature

osteoblastic phenotype on rougher titanium surfaces approximately one week after

cell seeding [21], while fibroblasts [5], and in some cases epithelial cells [22–24] show

a preference for smoother surfaces.

One approach for (bio)chemical (biomimetic) surface modification [25, 26] is the

immobilization of small peptides found in extracellular matrix (ECM) proteins to

promote cell adhesion. By using peptides present in the tissue of interest as a bridg-

ing unit between cell receptors and surface, different cellular pathways can in theory

be activated [27]. Perhaps the most investigated peptide sequence is RGD (argi-

nine–glycine–aspartic acid) [28], derived from fibronectin and recognized by almost

all α/β integrins [29].

A number of systems using polymers have been developed to immobilize peptides
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onto a biomaterial surface [30]. However, many such surfaces lack protein resistance

so that proteins present in the medium adsorb to the surface and interfere with

the direct study of peptide–cell interactions. An effective way to minimize protein

adsorption onto a surface is the use of a poly(L-lysine)-graft-poly(ethylene glycol)

(PLL-g-PEG) molecular assembly system (Figure 5.1) [31–33]. These PEGylated

(nonfouling [34]) surfaces reduce adsorbed protein mass to as low as <5 ng/cm2

[35, 36]. Osmotic and entropic repulsion effects as well as screening of interfacial

charges [37] appear to be involved in producing the anti-fouling effects. Further-

more, peptide sequences can be covalently attached via vinyl sulfone–cysteine cou-

pling reaction to the poly(-ethylene glycol) side chains [38]. The thickness of the

adsorbed polymeric layer (1–1.5 nm in dry state and 5–10 nm in wet state [39])

is small in comparison to the dimensions of topographic features of rough surfaces

such as the commercially used dental implant surface SLA from Institut Straumann

that exhibits topographical features in the range of 0.5–50 μm [12]. Moreover, the

topography of SLA surface is thought to protect the polymeric coating from dam-

age caused by mechanical handling during surgical preparation and implantation.

The main goal of this study was to determine cell response as a function of the

topographical and chemical surface modification. Cells were selected on the basis

of tissues that contact dental implants: Epithelium (Porcine Epithelial Cells), con-

nective tissue (Swiss Balb/c 3T3 Mouse Murine Mesenchymal Embryo Fibroblasts)

and bone (Rat Calvarial Osteoblasts). Cell attachment, cell morphology and distri-

bution of cytoskeletal elements (microtubules and vinculin) were investigated using

fluorescent microscopy techniques.

5.2 Materials and Methods

5.2.1 Substrates

Preparation

Samples were produced using the epoxy replica technique as described by Wieland

et al. [11]. In brief, replicas of a rough SLA CP Ti disc (Institut Straumann, Basel,

Switzerland) and a smooth Tissue Culture Polystyrene (TCPS; Multidish 24 well,

Nunc, Milian, Basel, Switzerland) surface were taken using vinyl polysiloxane as the

impression material (PROVIL novo Light; Unor, Dietikon, Switzerland), followed
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Figure 5.1: Schematic view of peptide-functionalized PLL-g-PEG poly-
mer adsorbed as a monolayer on a negatively charged metal oxide sur-
face (e.g., titanium oxide). The PLL backbone is positively charged at
pH 7.4 due to its amine groups and the PEG-chains are exposed to the
fluid as a brush. The peptide sequence arginine–glycine–aspartic acid
(RGD) is covalently attached to a fraction of the PEG-chains.

by replicating these negative structures by casting into postive structures using

epoxy-resin (EPO-TEK 302-3M; Epoxy Technology, Polyscience, Cham, Switzer-

land). These replicas were cleaned and coated with a thin film (60 nm) of titanium

dioxide using reactive magnetron sputtering (Physical vapor deposition (PVD), Paul

Scherrer Institute, Villigen, Switzerland) as model surfaces of titanium implants with

defined surface topography and chemistry.

Characterization

Surface roughness values of all surfaces were determined by the use of atomic force

microscopy (AFM, smooth topographies only) and scanning electron microscopy

(SEM, see Wieland et al. [11, 12]). Stoichiometry and homogeneity of the deposited

titanium oxide layer was controlled by X-ray photoelectron spectroscopy (XPS, see

[40] for details).

5.2.2 Polymers

Synthesis

Peptide-functionalized and non-functionalized PLL-g-PEG polymers were synthe-

sized according to earlier publications [31, 36, 38]. The general architecture of these

polymers (as shown in Figure 5.1) was based on a PLL backbone of approximately
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120 L-lysine units (average value in view of the polydispersity of 1.4 of the poly-

mer; Sigma-Aldrich, Buchs, Switzerland), a PEG side chain of approximately 47

ethylene glycol units (PEG MW 2 kDa, polydispersity: 1.02; Nektar, Bradford,

UK) and a grafting ratio g between 3.3 and 4.6, expressed as the number of lysine

monomers per PEG side chain (see Table 5.1 for details). A vinyl sulfone-modified

PEG chain of 3.4 kDa molecular weight (polydispersity: 1.01; Nektar, Bradford,

UK) was used to couple the peptides sequences with the PLL backbone. The fol-

lowing peptides were used for the synthesis of functionalized PLL-g-PEG polymers:

the bioactive RGD-containing N-acetyl-GCRGYGRGDSPG-amide and the scram-

bled (bio-inactive) N-acetyl GCRGYGRDGSPG-amide (both purchased from Jerini,

Berlin, Germany).

Characterization and Notation

Grafting ratio g and fraction of peptide-functionalized PEG-chains were determined

by nuclear magnetic resonance spectroscopy (NMR, for details see [33]). Both the

adsorption of the polymer and the degree of resistance of the polymeric adlayers to

serum adsorption (always less than 5 ng/cm2) were monitored in situ and quanti-

tatively with optical waveguide lightmode spectroscopy (OWLS) [39, 41]. Grafting

ratios (NMR) and adsorbed polymer masses (OWLS) allowed us to determine the

surface densities of the immobilized peptide moieties. For simplicity, the peptide-

functionalized polymers are named hereafter according to their peptide sequence as

RGD for PLL-g-PEG/PEG-RGD, RDG for PLL-g-PEG/PEG-RDG and PEG for

the unfunctionalized PLL-g-PEG.

Determination of Peptide Surface Density and Spacing of Bioligands

The following calculations were based on the assumption that cells were able to sense

all the RGD-ligands present in the polymer. Although it is likely that a fraction of

the ligands was hidden within the PEG-layer at a given time point, the dynamic

structure of the PEG-brush system was expected to expose the majorities of ligands

over time and make them available to cells. Peptide surface densities ρps (Table 5.2)

were varied by co-adsorption from mixed solutions of peptide-functionalized and un-

functionalized PLL-g-PEG and calculated using the following equation (see Tosatti
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Table 5.1: Molecular weight, grafting ratio, peptide functionalization,
polymer/protein adsorbed mass and peptide surface density for all poly-
mers used in this study.

et al. [33] for details):

ρps =
MW (PLL)

MW (Lys)g

ma

MW (Pol)
P (5.1)

where MW(PLL), MW(Lys), and MW(Pol) denote the molecular weight of the PLL

backbone, the lysine unit and the whole polymer, respectively, g is the grafting ratio,

ma the mass of polymer adsorbed on a smooth titanium surface and P the fraction
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(%) of functionalized PEG side chains. The effective peptide density on SLA sur-

faces in theory is much higher, since the surface area is 6.5 times higher compared

to a smooth surface [42, 43] and therefore, the peptide concentration should be mul-

tiplied by the same factor. However, when considering the dimensions (0.5–2 μm) of

the topographical features provided by the acid-etching treatment of the SLA sur-

face, it can be assumed that the majority of those small cavities cannot be sensed by

entire cells, at most by the filopodia. Therefore, the number of cells attached to a

SLA topography is likely to be primarily determined by the coarser, hemisphere-like

structures (20–50 μm dimension) that are the result of the sand-blasting step during

the manufacture of the SLA discs. The geometric surface area ratio of a surface with

a “perfectly” blasted (densely packed hemispherical pits) and a smooth one can be

expressed as

ratiosurfacearea =
Areahemisphere

Areacircle

=
2πr2

πr2
= 2 (5.2)

As a consequence, it can be assumed that the number of cells attached to a SLA

surface in comparison with a smooth surface is maximal a factor 2 higher. The the-

oretical peptide-peptide distance dp–p on “smooth” surfaces assuming a hexagonal

distribution of the peptide ligands was calculated as follows:

dp−p =

√
2√
3

1

ρpsA
(5.3)

A refers to Avogadro’s number A=6.022 x 1023 mol−1 and ρps to the peptide surface

density (see Equation 5.1). This formula was also used for estimating the distances

between the bioligands on SLA surfaces, since these values were small (nm-range;

see Table 5.2) in comparison with the micro-features of SLA.
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Table 5.2: Fraction of RGD-functionalization, RGD-peptide surface

densities and peptide-peptide distances for all RGD concentrations used

in this study.
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5.2.3 Cell Cultures

Porcine Epithelial Cells (EC)

Porcine epithelial cells were obtained from porcine periodontal ligaments and subcul-

tured as described by Brunette et al. [44]. Isolated cells were plated on tissue culture

dishes in a minimum essential medium (α-MEM; Stemcell, Vancouver, BC, Canada)

supplemented with antibiotics (100 mg/ml penicillin G, Sigma-Aldrich, Oakville,

Ont., Canada; 50 mg/ml gentamicin, Sigma-Aldrich; 3 mg/ml amphoteracin B,

Gibco, Grand Island, NY, USA) and 15% of fetal calf serum (Medicorp, Rexdale,

Ont., Canada).

Swiss Balb/c 3T3 Fibroblasts (FB)

Balb/c 3T3 fibroblastic cells were maintained according to the method of Elvin and

Evans [45]. Stock cultures were recovered from liquid nitrogen and plated at 300,000

cells per 25 cm2 plastic flask in Dulbecco’s modified Eagles medium (DMEM) with

10% fetal calf serum (both purchased from Invitrogen, Basel, Switzerland) without

antibiotics.

Rat Calvarial Osteoblasts (OB)

Osteogenic cells were obtained from newborn rat calvariae, isolated and subcultured

as published by Hasegawa et al. [46] and Chehroudi et al. [47]. Frontal, parietal

and occipital bone were dissected, rinsed in phosphate buffered saline (PBS; Sigma-

Aldrich, Oakville, Ont., Canada), placed in α-MEM, supplemented with antibiotics

(same mixture as described above for epithelial cells) and 15% of fetal calf serum

(Cansera, Rexdale, Ont., Canada). The minced tissue was digested with a mixture

of clostridial collagenase and trypsin (both purchased from Sigma-Aldrich, Oakville,

Ont., Canada) and then plated in tissue culture flasks.



98 5. A Cell Morphology Study on RGDSP-Peptide Surfaces

5.2.4 Experimental Design

Formation of Polymeric Adlayer

Frozen samples of PLL-g-PEG and peptide-functionalized PLL-g-PEG were warmed

up to room temperature, dissolved in 10mM PBS at pH 7.4 (to reach a final

concentration of 1 mg/ml) and used to prepare solutions of different concentra-

tions of peptide-functionalized PLL-g-PEG [36, 48]. Prior to surface modification,

the substrates were cleaned and sterilized in an oxygen plasma (Harrick Plasma

Cleaner/Sterilizer PDC-32G, Ossining, NY, USA) for 2 min, placed in a 24 well

plate, coated with a concentration of 250 ml/cm2 of the desired polymer solution

and incubated for 30 min while gently shaken at room temperature. The substrates

were rinsed twice with PBS for each 5 min to remove loosely bound polymer and

subsequently seeded with the desired cell type.

Cell Incubation

Cells were removed with trypsin solution, diluted with the suitable media and seeded

at a concentration of 104 cells/cm2. The whole set of surfaces with attached cells

was incubated for 24 h at 37 ◦C in a humidified atmosphere of 95% air and 5% CO2.

Cell Membrane Staining

Cells were washed with warm PBS and fixed in 4% formaldehyde (Fisher Scientific,

Nepean, Ont., Canada) in PBS. Cell membrane was stained using 10mM FITC

(Sigma-Aldrich, Oakville, Ont., Canada) at 37 ◦C for 2 h followed by 3 washes with

PBS.

Microtubule Staining

Samples were rinsed with warm PBS and fixed with ice-cooled acetone (Fisher Sci-

entific, Nepean, Ont., Canada) at 20 C. Cells were permeabilized using 0.5% Triton

X-100 (Fisher Scientific, Nepean, Ont., Canada) in PBS and unspecific binding

blocked with 1% BSA/PBS (Sigma-Aldrich, Oakville, Ont., Canada). Samples were

incubated with the primary antibody (1:200 dilution in 0.1% BSA/PBS; Mouse anti



5.2. Materials and Methods 99

human btubulin, clone no. KMX-1; Chemicon Temecula, CA, USA) for 90 min at

room temperature followed by an incubation with the secondary antibody (1:200

dilution in 0.1% BSA/PBS; Alexa 546 goat anti-mouse IgG; Invitrogen, Burlington,

Ont., Canada) for one hour at room temperature. Antibodies were stabilized with

4% formaldehyde/PBS and washed extensively with PBS [49].

Vinculin Staining

Cells were washed with warm PBS and fixed in 4% formaldehyde/PBS. Samples

were permeabilized using 0.5% Triton X-100/PBS and unspecific binding blocked

with 1% BSA/PBS. Cells were incubated with the primary antibody (1:400 dilution

in 0.1% BSA/PBS; Monoclonal antivinculin antibody produced in mouse; Sigma-

Aldrich, Oakville, Ont., Canada) for 90 min at room temperature, followed by an

incubation with the secondary antibody (1:200 dilution in 0.1% BSA/PBS; Alexa

546 goat anti-mouse IgG; Invitrogen, Burlington, Ont., Canada) for one hour at

room temperature. Antibodies were stabilized with 4% formaldehyde/PBS and

washed extensively with PBS [49].

5.2.5 Observation Methods

An epi-fluorescence microscope (Axioskop 2 MOT, Zeiss, Oberkochen, Germany)

with a wavelength of λmax=488nm was used to determine cell number and cell

shape investigations. A filter with a wavelength of λmax=546nm was chosen to

observe microtubules and vinculin expression. In order to determine cell number, five

random images of each surface topography (smooth and SLA) were taken for each

sample. More than 30 single cells were randomly chosen to evaluate cell morphology.

All images were analyzed with ImageJ software (Version 1.32i for Mac OS X).

5.2.6 Morphology

Cell morphology was described, by measuring the footprint area of the cell on the

surface after attachment and using a shape factor. The shape factor Φ was expressed

as

Φ =
4πA

p2
(5.4)
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where A is the footprint area and p the perimeter of the cell. Circular objects

have the greatest area-to-perimeter ratio, and a shape factor of 1 represents a per-

fect circle. As an example, a thin thread-like object would have the lowest shape

factor approaching 0. The footprint area for cells on smooth surfaces was easily

defined and measured, whereas cells on rough surface topographies had a complex

footprint. In this study, the biggest outline of a cell was projected to obtain a “foot-

print” on (rough) SLA surfaces. Although this assumption might underestimate the

“real” footprint of a cell, it is still a fair and efficient way in defining cell shape

for comparative purposes in a complex 3D environment. One way to overcome this

underestimation could be 3D reconstruction of each single cell as done for example

by Wieland et al. [11]. The limitation of such a technique, however, becomes clear

when investigating less-spread, spherical cells, where the adhesion outline is shaded

by the projected one (e.g., cells on ridges), and therefore highly difficult to identify

correctly.

5.2.7 Statistical Analysis

Comparisons between measurement series were made using nonparametric tests

(SPSS 11.4 for Mac OS X) because variances were not homogeneous and observed

values were not distributed normally even after appropriate transformations. All

mean values are shown ±SE (standard error). We set our level of significance at

0.05.

5.3 Results

In this section, only significant differences between important chemistries, namely

between bioactive surfaces (TiO2 and RGD at high surface concentrations) and

bioinactive surfaces (PEG and PLL-g-PEG/PEG-RDG), are listed. For detailed

(significant) information about other pair comparisons (especially in the case of os-

teoblasts at low RGD concentrations) see Tables 5.3 and 5.4.
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Table 5.3: Significant differences for multiple comparisons between pairs

of smooth surface chemistries in cell number, footprint area and shape

factor for osteoblasts, fibroblasts and epithelial cells (Tamhane test,

p<0.05).
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Table 5.4: Significant differences for multiple comparisons between pairs

of SLA surface chemistries in cell number, footprint area and shape

factor for osteoblasts, fibroblasts and epithelial cells (Tamhane test,

p<0.05).

5.3.1 Cell Number

Influence of Surface Topography

Significantly more epithelial cells attached on SLA surfaces with PEG than on

smooth surfaces with PEG (Mann–Whitney: U=355.5, p=0.036; Figure 5.2a),

whereas on RDG the opposite trend was observed (U=114.0, p<0.001). Although

mean numbers of attached fibroblasts for all surface chemistries were higher on

smooth than on SLA topographies (Figure 5.2b), a significant difference was only
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Figure 5.2: Cell number (standardized for smooth TiO2 surfaces) for
epithelial cells (a), fibroblasts (b) and osteoblasts (c). White columns
refer to cells on the smooth surfaces and black to cells on the rough SLA
topographies. The control surfaces were titanium (TiO2), PLL-g-PEG
(PEG) and PLL-g-PEG/PEG-RDG (RDG). RGD concentrations in
(a) and (b) are comparable with RGD concentration B in (c). See
Tables 5.1 and 5.2 for further details.
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found between the SLA and the smooth PEG-surface (U=17.0, p=0.001). Com-

parisons between the numbers of osteoblasts attached to surfaces with the same

chemistry showed that a higher number of osteoblasts adhered to SLA topographies

than to smooth topographies (Figure 5.2c). Differences were significant for all RGD

(G–A) and PEG surfaces (p=0.02), although mean values on TiO2 and RDG were

also clearly higher on SLA than on smooth surfaces.

Influence of Surface (Bio)chemistry

Cell attachment between surface chemistries was significantly different on smooth

(Kruskal–Wallis: EC: χ2
3=44.44, p<0.001; FB: χ2

3=10.74, p=0.013; OB: χ2
9=294.34,

p<0.001) and SLA topographies (EC: χ2
3=68.79, p<0.001; FB: χ2

3=44.44, p=0.013;

OB: χ2
9=326.89, p<0.001). In general, more epithelial cells, fibroblasts and os-

teoblasts were attached to the bioactive surfaces TiO2 and RGD (D–A for os-

teoblasts) compared to the bioinactive surfaces PEG and RDG, independent of

topography (Figure 5.2a-c). In the specific case of osteoblasts, where a higher di-

versity of RGD concentrations was investigated, a direct relationship was found be-

tween mean osteoblast cell numbers and RGD-peptide surface densities for smooth

(Pearson correlation: R=0.787, p=0.036, n=7; Figure 5.5a) and SLA topogra-

phies (R=0.809, p=0.027). Nonsignificant interaction was found (Two-way ANOVA:

F(3,351)=0.283, p=0.838) between surface chemistries (RGD D–A) and topographies

(smooth and SLA) on the number of osteoblasts attached (Figure 5.5a).

5.3.2 Cell Footprint Area

Influence of Surface Topography

Footprint areas for all cell types were significantly larger on smooth than on SLA

topographies (p<0.001; Figure 5.3a–c) for all surface chemistries.

Influence of Surface (Bio)chemistry

Significant differences for cell footprint areas between surface chemistries were found

on smooth (Kruskal–Wallis: EC: χ2
3=66.22, p<0.001; FB: χ2

3=59.06, p<0.001;

OB: χ2
9=153.76, p<0.001) and SLA topographies (EC: χ2

3=27.11, p<0.001; FB:
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Figure 5.3: Cell footprint area for epithelial cells (a), fibroblasts (b)
and osteoblasts (c). White columns refer to cells on the smooth surfaces
(with left y-axis) and black to cells on the rough SLA topographies (with
right y-axis). The control surfaces were titanium (TiO2), PLL-g-PEG
(PEG) and PLL-g-PEG/PEG-RDG (RDG). RGD concentrations in
(a) and in (b) are comparable with RGD concentration B in (c). See
Tables 5.1 and 5.2 for further details.
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χ2
3=31.38, p<0.001; OB: χ2

9=191.44, p<0.001). Footprint areas of epithelial cells,

fibroblasts and osteoblasts were consistently larger on bioactive surfaces TiO2 and

RGD (B–A for osteoblasts) compared to bio-inactive surfaces PEG and PLL-g-

PEG/PEG-RDG, independent of topography type (Figure 5.3a–c). A direct re-

lationship was found between the mean osteoblast cell footprint areas and RGD-

peptide surface densities for smooth (Pearson correlation: R=0.859, p=0.013, n=7;

Figure 5.5b) and SLA topographies (R=0.850, p=0.015, n=7).

5.3.3 Cell Shape Factor

Influence of Surface Topography

Similar epithelial cell shape factors on smooth and SLA topographies were found

for all surface chemistries except for PEG (Mann–Whitney: U=595, p=0.001; Fig-

ure 5.4a). In contrast, fibroblast shape factors differed on all surface chemistries

(p<0.02; Figure 5.4b) except on PLL-g-PEG/PEG-RDG. In the case of osteoblasts,

significantly higher shape factors were found on all SLA topographies compared to

smooth topographies (p<0.05; Figure 5.4c).

Influence of Surface (Bio)chemistry

There were significant differences in cell shape factors between surface chemistries

on smooth (Kruskal–Wallis: EC: χ2
3=54.42, p<0.001; FB: χ2

3=37.90, p<0.001; OB:

χ2
9=75.74, p<0.001) and SLA topographies (EC: χ2

3=42.33, p<0.001; FB: χ2
3=34.44,

p<0.001; OB: χ2
9=234.08, p<0.001). Mean shape factors of fibroblasts and os-

teoblasts were smaller on bioactive surfaces TiO2 and RGD (B–A for osteoblasts)

compared to bio-inactive surfaces PEG and PLL-g-PEG/PEG-RDG, independent

of topography type (Figure 5.4b–c). In contrast, mean shape factors of epithelial

cells were higher on TiO2 than on all the other surface chemistries (Figure 5.4a). No

relationship was found between osteoblast shape factors and RGD-peptide surface

densities for both topographies (Figure 5.5c).
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Figure 5.4: Cell shape factor for epithelial cells (a), fibroblasts (b) and
osteoblasts (c). White columns refer to cells on the smooth surfaces
and black to cells on the rough SLA topographies. The control surfaces
were titanium (TiO2), PLL-g-PEG (PEG) and PLL-g-PEG/PEG-
RDG (RDG). RGD concentrations in (a) and (b) are comparable
with RGD concentration B in (c). See Tables 5.1 and 5.2 for further
details.
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Figure 5.5: Cell number (a), footprint area (b) and shape factor (c)
of osteoblasts at different RGD-peptide surface densities (see Table 5.2
for exact peptide densities). White squares refer to cells on the smooth
surfaces and black squares to cells on the SLA topographies. Footprint
area values in (b) for smooth and rough SLA topographies correspond
to the left and right y-axis, respectively.
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5.3.4 Osteoblast Microtubules

Microtubule systems of osteoblasts were more expanded on smooth surfaces than

those on SLA surfaces (Figure 5.6). Microtubules on TiO2 and on RGD concentra-

tions A and B were widely distributed within the cells, whereas on RGD concentra-

tions C and D microtubules were found to be concentrated in bundles. Microtubules

were not observed clearly in osteoblasts cultured on PEG because these cells were

small and spherical.

5.3.5 Vinculin Expression in Eptithelial Cells and Os-

teoblasts

Focal adhesion sites were qualitatively analyzed for epithelial cells and osteoblasts

only. Vinculin expression in epithelial cells on SLA topographies was found on TiO2

and RGD, except on bio-inactive PEG and RDG (Figure 5.7). Epithelial cells plated

on smooth PEG and RDG surfaces showed a non-homogeneous vinculin distribution.

Prominent vinculin staining was found on cell-to-cell contacts in comparison to the

cell-to-substrate contacts. Vinculin was distinguished in osteoblasts on all SLA

topographies except on PEG (Figure 5.8). On smooth surfaces, osteoblasts growing

on RGD concentration A, showed the most abundant vinculin staining followed by

osteoblasts on TiO2 and osteoblasts on RGD concentrations B and C. No vinculin

staining was visible in osteoblasts on smooth substrates coated with PEG and RGD

concentration D.

5.4 Discussion

Our findings have demonstrated that surface topography and chemistry directly

influenced the attachment and morphology of epithelial cells, fibroblasts and os-

teoblasts. In particular the use of the protein-resistant PLL-g-PEG system as a

background allowed a more direct and powerful control of cell responses than an

uncoated or physicochemically modified surface (e.g., hydrophobic/ hydrophilic; see

for example [50]). In general, a higher cell attachment and spreading rate was ob-

served on the bioactive surface RGD than on bio-inactive PEG and RDG substrates.

This was in agreement with findings of other groups that used similar approaches
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Figure 5.6: Microtubule staining of osteoblasts on RGD-peptide modi-
fied (concentrations A–D) smooth (left) and SLA (right) topographies.
Titanium (TiO2) and unfunctionalized PLL-g-PEG (PEG) coating
served as control surfaces. Scale bar of 50 μm (as shown in image
SLA-PEG) is the same for all images.
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Figure 5.7: Vinculin staining of epithelial cells on RGD-peptide modi-
fied smooth (left) and SLA (right) topographies. Titanium (TiO2) and
unfunctionalized PLL-g-PEG (PEG) coating served as control surfaces.
Size of the scale bar is 50 μm for all images.

(bio-functionalized PEGylated surfaces) for the control of cell attachment [35, 51].

These (non-fouling) immobilization systems have the clear advantage of enabling

the influence of a given biofunctional group to be assessed compared to those where

non-specific protein adsorption from the culture medium interferes with or domi-

nates cell–surface interaction.
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Figure 5.8: Vinculin staining of osteoblasts on RGD-peptide modi-
fied (concentrations A–D) smooth (left) and SLA (right) topographies.
Titanium (TiO2) and unfunctionalized PLL-g-PEG (PEG) coating
served as control surfaces. Scale bar of 50 μm (as shown in image
SLA-PEG) is the same for all images.
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5.4.1 Cell Behavior on Smooth vs. Rough SLA Topogra-

phies

Our results indicate that cell adhesion of fibroblasts and osteoblasts can be influ-

enced via surface roughness, independent of surface chemistry (Figure 5.2b–c). More

fibroblasts were found on smooth compared to SLA surfaces, whereas for osteoblasts

the opposite tendency was observed. In addition, osteoblast attachment was approx-

imately 1.5 times higher on SLA than on smooth (Figure 5.2c), thus indicating that

the small features produced by acid-etching did not seem to influence osteoblast

adhesion (see Equation 5.2). Epithelial cell attachment did not follow a regular

pattern (Figure 5.2a). Our results showed large variations due to cell clusters in-

dicating a cell–cell contact phenomena, similar to that described in other studies

[52–54]. Footprint areas for all cell types on SLA topographies were reduced ap-

proximately 5-fold compared to smooth topographies (Figure 5.3). This reduction

in cell footprint areas seems to be the result of the specific surface area of the SLA

surface (effective surface area divided by projected area), which has been estimated

to be 6.5 cm2/cm2 by Contu et al. [42, 43]. When the effect of topographies was

analyzed, osteoblasts demonstrated a significantly higher cell shape factor (more

spherical) on SLA surfaces than on smooth surfaces (Figure 5.4c). The opposite

response was observed for fibroblasts on TiO2, PEG and RDG. However, when

the effect of bioligands is considered, fibroblasts on RGD surfaces were found to be

more circular on rough surfaces than on smooth surfaces (Figure 5.4b). The an-

tagonistic behavior observed in fibroblasts under these two conditions may indicate

the lack of an additive effect of topography and surfaces chemistry on those cells.

Epithelial cells were circular (high shape factor) on all surfaces, and this shape was

independent of type of topography (Figure 5.4a).

5.4.2 Presentation of RGD-containing Peptides on an Inert,

Protein-resistant Background

As expected, fewer epithelial cells, fibroblasts and osteoblasts were attached on bio-

inactive PEG and RDG in comparison to TiO2 and RGD. Although PEG and RDG

are protein-resistant surfaces (<5 ng/cm2 as shown by OWLS technique) and do not

contain any bioligands, a few cells were always found on these substrates. The few

attached cells probably are the result of small defects in the PEG-brushes that lead
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to local, unspecific protein-adsorption and hence cell adhesion. The introduction

of the bioactive RGD-containing PLL-g-PEG polymer with a RGD concentration

�0.67 pmol/cm2 resulted in the restoration of cell adhesion (for all cell types in this

study) to a level comparable to the one found on TiO2 surfaces. Peptide surface

density ≈0.027 pmol/cm2 (corresponding to a calculated ligand-ligand distance of

�84 nm, see Equation 5.3) was found to be the lower limit for producing signifi-

cantly increased osteoblast adhesion in comparison to the bio-inactive surfaces PEG

and RDG (see Figure 5.5a). A distance of <84 and >38 nm between the RGD

ligands (see Table 5.2) resulted in limited osteoblast attachment and spreading on

smooth surfaces. This finding is consistent with the results of Arnold et al. [55],

which studied MC3T3-osteoblasts on nano-patterned RGD-thiol functionalized Au-

dots on smooth silicon substrates with a PEG background. Osteoblasts attached to

SLA surfaces with low RGD densities �0.13 pmol/cm2 seem to be more influenced

by topography (were spherical and less spread) than chemistry. However, on higher

peptide surface concentrations (�0.67 pmol/cm2), the osteoblasts started to bridge

over the “larger” cavities (20–50 μm; from the blasting process) and showed a more

spread cell shape. The major axis of those cells was measured to be �39 μm. On

non-adhesive surface chemistries (PEG and RDG), all cell types investigated in this

study were found to be less spread, showing a smaller footprint area than on adhe-

sive surface chemistries. When considering the cell shape factor, which is another

marker used to quantify cell spreading, we observed that fibroblasts and osteoblasts

on PEG, RDG and on low RGD-peptide surface densities (�0.13 pmol/cm2) were

more circular (less spread) than those on TiO2 or on high RGD-peptide surface

densities (�0.67 pmol/cm2). Epithelial cells were spherical on all surfaces, although

they were less spread on bio-inactive surfaces than on bioactive, indicating that

the contact of neighbor cells may induce spreading [53] (Figure 5.7). This sug-

gests, that the bio-inactive surface decreased the degree of cell–surface interactions.

Osteoblast attachment and footprint areas increased with higher RGD-peptide sur-

face density (Figure 5.5a–b). However, Tosatti et al. [36] have shown with MG63

osteoblast-like cells on non-adhesive SLA surfaces (as PEG and RDG) that there was

a higher degree of differentiation (as assessed by TGF-β1 and PGE2) than on TiO2

or RGD (peptide surface density >0.05 pmol/cm2). This leads to the speculation

that engineering of a surface, which maximizes osteoblast adhesion and spreading

(e.g., through high RGD-peptide surface densities) might not be the optimal way

for bone-contacting implants and that a surface which attaches osteoblasts in a
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less-spread, more spherical shape (as observed on low-concentrated RGD surfaces)

may be more favorable in terms of early differentiation. An alternative approach

to create a surface that is more suitable for bone-contacting implants (e.g., dental

implants) is the use of other, osteoblast-specific sequences such as KRSR [56, 57] or

FHRRIKA [26, 51]. On the other hand, the RGD sequence could become a useful

component for the design of new biomaterial surfaces when applied in combination

with KRSR or FHRRIKA peptides [58].

5.4.3 Cell Organization and Focal Adhesion Sites

Maintenance of cell shape has been shown to depend on an intact microtubule sys-

tem (see for example [59]). Our findings demonstrated that surface topography had

an influence on microtubule architecture. Microtubule systems in osteoblasts on

smooth surfaces were more isotropically distributed than those found on SLA sur-

faces (Figure 5.6). Osteoblasts on TiO2 and on RGD surfaces with concentrations

�0.67 pmol/cm2 expressed a widely distributed microtubule system, while micro-

tubules of osteoblasts on RGD concentrations >0.03 pmol/cm2 and <0.67 pmol/cm2

were found to prefer a bipolar orientation, giving to the cell a more elongated shape.

Cells on the bio-inactive PEG surface were found circular and small in footprint,

making impossible to analyze the microtubule system. Epithelial cells expressed

higher amounts of vinculin on smooth compared to rough surfaces with the same

chemistry (Figure 5.7). Differences in vinculin expression were also observed on clus-

ters of epithelial cells attached on PEG and RDG surfaces. A higher density of focal

adhesion sites was found at the cell-to-cell interface in comparison to areas where

no contact between cells occurred. This effect was less pronounced on TiO2 or RGD

substrates and can be explained with the rationale that on the bio-inactive surfaces

the epithelial cells were forced to interact with each other. Furthermore, as a con-

sequence of cell-clusters, we found a higher amount of cell-to-cell contacts on PEG

and PLL-g-PEG/PEG-RDG surfaces than on TiO2 or RGD, where the epithelial

cells tended to be more isolated from each other. Vinculin expression in osteoblasts

was not detected on RGD surfaces with surface densities �0.03 pmol/cm2, implying

that no focal contacts were formed on these RGD concentrations (corresponding

to an average peptide–peptide distance of 84 nm). However, there was some cell

spreading observed despite of the absence of focal contacts (Figure 5.8). Spreading

without pronounced focal contacts has been observed by Hubbell et al. [60] for
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Human Foreskin Fibroblasts (HFF) on GRGDY peptide modified glass substrates

(corresponding to a ligand–ligand distance of <140 nm) indicating another mode of

attachment.

5.5 Conclusion

Our study on cell attachment to surfaces with controlled surface topographies and

(bio)chemistries demonstrated that surface roughness directly influenced cell attach-

ment and cell footprint areas of fibroblasts and osteoblasts but not of epithelial cells

under the cell culturing conditions used in this study. The presence or absence of

cell–cell contacts seemed to have a more important influence on the behavior of

epithelial cells. Surface chemistry was found to determine both the number of cells

attached and the size of footprint areas for all cell types investigated in this study.

In particular, the coating with the non-fouling PLL-g-PEG polymer reduced cell

attachment and footprint areas drastically whereas the immobilization of the RGD-

peptide sequence at surface densities �0.67 pmol/cm2 restored cell attachment and

footprint areas to levels typically found on (unmodified) titanium surfaces. No syn-

ergy (interaction) between RGD-peptide surface density and surface topography was

observed for osteoblasts neither in terms of attachment nor footprint area. How-

ever, there was a significant effect of RGD-peptide densities on the numbers and the

footprint areas of osteoblasts attached to these surfaces.
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Mimicking proteins found in the extracellular matrix (ECM) using specific peptide

sequences is a relatively new strategy for the design of biomimetic surfaces that

could be used for a new generation of implants. We investigated osteoblast and fi-

broblast proliferation to novel consensus heparin-binding peptides sequences KRSR

and FHRIKKA that were immobilized onto rough titanium dental implant surfaces

using a poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) molecular assembly
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system, which enabled due to its non-fouling properties, a detailed study of the spe-

cific cell-peptide interactions even in the presence of serum. Cell-binding peptide

sequence RGD in combination with KRSR or FHRRIKA was used to examine a

possible enhanced effect on osteoblast attachment and proliferation. Bare titanium

and bio-inactive surfaces (i.e., unfunctionalized PLL-g-PEG and scrambled KSSR,

RFHARIK and RDG) were used as control substrates. In addition, freshly harvested

bone chips from newborn rat calvariae were placed onto similar functionally modified

rough titanium substrates and the size and pattern of osteoblast outgrowths studied.

Our findings demonstrated that the difference in osteoblast and fibroblast attach-

ment was rather influenced by surface topography than by KRSR and FHRRIKA.

On the other hand, in comparison with the control surfaces, osteoblast outgrowths

from rat calvarial bone chips covered a significantly larger area on RGD, KRSR

and FHRRIKA after 8 days and also migrated in an isototropic way unlike cells

on the bio-inactive substrates. Furthermore, the stimulatory effect of RGD on both

osteoblast attachment and migration pattern could be enhanced when applied in com-

bination with KRSR.

Keywords: surface topography, primary rat calvarial osteoblasts, human gingival fi-

broblasts, bone chip, cell outgrowth, biomimetic modification.

6.1 Introduction

There is increasing interest in immobilizing on implants specific peptide sequences

that mimic proteins found within the extracellular matrix (ECM) to enhance tissue

integration [1, 2]. Such bioligands have the ability to bind to the cells via specific

cell surface receptors. A frequently used peptide sequence is RGD (arginine-glycine-

aspartic acid) [3] that has been identified on a loop on the tenth domain of fibronectin

(FN III-10) [4]. RGD is recognized by nearly half of the over 20 known α/β inte-

grins, a family of receptors present in most cell types [5]. However, integrin-RGD

interaction is only one of the mechanisms involved in osteoblast adhesion; another is

the interaction between cellular transmembrane heparan sulfate proteoglycans and

heparin-binding sites on ECM proteins [6, 7]. Two recently identified peptides se-

quences that interact with transmembrane proteoglycans are KRSR and FHRRIKA.

KRSR represents a sequence found in five different bone-related adhesive proteins,

such as, fibronectin, vitronectin, bone sialoprotein, thrombospondin and osteopon-
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tin [8], whereas FHRRIKA was derived from bone sialoprotein alone [9]. It has

been reported in various studies that the KRSR motif is selective for osteoblast

attachment to surfaces, but not for either endothelial cells [10] and fibroblasts [11].

Dee et al. have also demonstrated cell attachment on KRSR-modified surfaces with

similar levels as usually found on RGD-modified ones [8]. The combination of two

different peptide sequences, as for example RGD and FHRRIKA, could result in

possible enhanced effects [9, 12]. Moreover, it has been reported in different studies

that a more “complete” cell response was obtained by providing the cell with both

a cell-binding and a heparin-binding domain of fibronectin as implied through cell

attachment and spreading, formation of discrete focal contacts and an organized

cytoskeletal assembly [6, 13].

Our concept of immobilizing peptide sequences was based on self-assembling adlay-

ers of poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG). These adlayers form

a dense PEG brush that render negatively charged biomaterial surfaces (e.g., ti-

tanium dioxide) resistant to non-specific protein adsorption (typically less than 5

ng/cm2 upon serum or blood plasma exposure) [14, 15]. The peptide sequence it-

self is covalently coupled to a fraction of the PEG-chains via vinyl sulfone-cysteine

chemistry [14, 16, 17]. This principle of creating a “silent” (non-fouling [18]) back-

ground gives the possibility to study cell receptor-peptide interactions even in the

presence of serum or blood plasma. Although this fact is already strongly recognized

as a prerequisite in the biosensor field, it is applied less commonly in cell studies for

implant applications [19].

The goal of our study was to determine rat calvarial osteoblast response to the

novel peptide sequences KRSR and FHRRIKA using the PLL-g-PEG immobiliza-

tion system on particle-blasted and acid-etched commercially pure titanium sub-

strates (SLA CP Ti). Human gingival fibroblasts served as control cell type. Fur-

thermore, a possible synergistic effect was investigated when KRSR- or FHRRIKA-

modified PLL-g-PEG was co-adsorbed in combination with various concentrations

of RGD-functionalized PLL-g-PEG . Osteoblast and fibroblast attachment was ob-

served after 7 days. In addition, freshly harvested bone chips obtained from newborn

rat calvariae were placed onto PEGylated surfaces containing peptides (as above)

and patterns of outgrown osteoblasts were investigated after 4, 6, 8 and 10 days.

Both parts of the experiment were analyzed using fluorescence microscopy.
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6.2 Materials and Methods

6.2.1 Substrates

CP titanium discs with the dental implant surface SLA (manufactured by Insti-

tut Straumann AG, Basel, CH) were ultrasonically cleaned in 2-propanol (Sigma-

Aldrich, Buchs, CH) for 2 x 10 min, dried immediately in a steam of N2 (PanGas,

Zurich, CH; 0.22 μm filtered) and wrapped with aluminum foil until further use.

6.2.2 Polymers

Synthesis and Notation

Peptide-functionalized and unfunctionalized PLL-g-PEG polymers were synthesized

similarly to previously published protocols [14–17]. In brief, peptides and NHS-

PEG-VS (Mw≈3.4 kDa, polydispersity: 1.01; Nektar, Bradford, UK) were reacted

for 5 min in a salt buffer solution containing 10 mM HEPES (N-(2-hydroxyethyl)-

piperazine-N’-2-ethanesulfonic acid; Sigma-Aldrich, Buchs, CH) at pH 8.4. PLL

hydrobromide (polydispersity: 1.4; Sigma-Aldrich, Buchs, CH) was dissolved in

HEPES and added to the reaction. After one hour mPEG-SPA (Mw≈2 kDa; poly-

dispersity: 1.02; Sigma-Aldrich, Buchs, CH) was dissolved in HEPES and added

to the final mixture that was stirred for 24 hours at room temperature. 50 μl of

β-mercaptoethanol (Fluka, Buchs, CH) was used for quenching and prior to freeze-

drying, the mixture was dialyzed against deionized water for 48 hours. Polymers

resulted in a white powder and were kept frozen at -20 ◦C before use.

The following amino acid sequences were used for the synthesis of peptide-

functionalized PLL-g-PEG polmyers: the cell binding Ac-GCRGYGRGDSPG-NH2

(-RDG-) peptide (both purchased from Jerini, Berlin, GER) and the two heparin-

binding Ac-GCRGYGKRSRG-NH2 (-KSSR-) and Ac-GCRGYGFHRRIKAG-

NH2 (-RFHARIK-) peptides (all purchased from JPT Peptide Technologies GmbH,

Berlin, GER). The (scrambled) sequences in brackets were used as negative control

peptides.

For convenience, the peptide-functionalized polymers were named hereafter accord-

ing to their peptide sequence (PLL-g-PEG/PEG-RGD as RGD; PLL-g-PEG/PEG-

RDG as RDG; PLL-g-PEG/PEG-KRSR as KRSR; PLL-g-PEG/PEG-KSSR
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as KSSR; PLL-g-PEG/PEG-FHRRIKA as FHRRIKA; PLL-g-PEG/PEG-

RFHARIK as RFHARIK) and the unfunctionalized PLL-g-PEG as PEG. Fur-

thermore, surfaces coated with these polymers were separated into bio-active and

bio-inactive surfaces as explained in Table 6.1.

Table 6.1: Notation used for bio-active and bio-inactive surfaces. Ab-
breviations are explained in section 6.2.2.

Characterization

The architecture of the polymers, determined through grafting ratio g and fraction

P of peptide-functionalized PEG-chains, was characterized with nuclear magnetic

resonance spectroscopy (NMR) [14]. The adsorbed polymer masses and their protein

resistances were examined with in situ optical waveguide lightmode spectroscopy

(OWLS) [15, 20] (Table 6.2). All polymers used were proven to be highly resistant

against serum adsorption and masses <5ng/cm2 were measured, what is in the range

of the detection limit of the OWLS.

Peptide Surface Densities and Multi-peptide Surfaces

Peptide surface densities (Table 6.2) for the peptide-functionalized PLL-g-PEG poly-

mers were determined as published elsewhere ([14, 17]). For comparison reasons be-

tween the different peptide surfaces, equimolar surfaces with a total peptide surface

density of 3.0 pmol/cm2 were used. When working with multi-peptide surfaces of

KRSR/RGD or FHRRIKA/RGD, the following notation was given (Figure 6.2, Fig-

ure 6.4): e.g., 75KRSR/25RGD that refers to 75% KRSR (= 2.25 pmol/cm2) of

the total peptide density of 3.0 pmol/cm2, mixed with 25% RGD (= 0.75 pmol/cm2),
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whereas for the corresponding control surface containing only the peptide RGD but

with the same concentration (0.75 pmol/cm2), the notation was 75PEG/25RGD.

Table 6.2: Molecular weight, grafting ratio, peptide functionalization,

polymer/protein adsorption and peptide surface density for all polymers

used in this paper.
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6.2.3 In vitro Preparation

Cell Cultures

Osteogenic cells were obtained from newborn rat calvariae, isolated and subcultered

as published by Hasegawa et al. [21] and Chehroudi et al. [22]. Frontal, pari-

etal and occipital bone were dissected and rinsed in α-MEM (Stemcell, Vancouver,

BC, CAN). Minced tissue was digested twice for each 15 min with a mixture of

clostridial collagenase/trypsin (3:1; both purchased from Sigma-Aldrich, Oakville,

Ont., CAN) and the second digestion plated in tissue culture flasks using α-MEM

supplemented with antibiotics (100 mg/ml penicillin G, Sigma-Aldrich, Oakville,

Ont., CAN; 50 mg/ml gentamicin, Sigma-Aldrich; 3 mg/ml amphoteracin B, Gibco,

Grand Island, NY, USA and 15% of fetal calf serum (Cansera, Rexdale, Ont., CAN).

Fibroblasts were isolated from human gingival explants as reported by Brunette et

al. [23] and cultured in tissue culture flasks using α-MEM containing 15% serum fe-

tal clone III (Hyclone, Logan, UT, USA) and antibiotics (same mixture as described

above for osteoblasts).

Both cell cultures were kept in a humidified atmosphere at 37 ◦C and 5% CO2.

Bone Chips

Bone chips were harvested within 2 hours post mortem from newborn rat calvariae.

Skin between ears was completely removed with a scalpel and calvarial bone exposed.

Calvariae were excised with scissors, removed carefully with forceps and rinsed twice

in warm α-MEM (without serum and antibiotics). Calvariae were kept in warm α-

MEM until all calvariae were dissected. To remove the fibrous tissue, entire calvariae

were digested in a trypsin/collagenase mix (same as above) for 2 x 15 min at 37 ◦C

and 5% CO2 and two washes with warm α-MEM in between and at the end. Bone

chips (approximately 2 mm in diameter) were then punched from the calvariae bone

using a canula and placed immediately onto the coated SLA CP titanium discs (see

below for details).
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6.2.4 Experimental Design

Formation of Polymeric Adlayer

Frozen samples of PLL-g-PEG and peptide-functionalized PLL-g-PEG were warmed

to room temperature, dissolved in a salt buffer solution (denoted hereafter as

HEPES2) containing 10 mM HEPES and 150 mM NaCl at pH 7.4 (to reach a final

concentration of 0.5 mg/ml), filter sterilized (0.22 μm filter, Milian, Basel, CH) and

used to prepare the designated peptide surface densities of exactly 3.0 pmol/cm2.

Titanium substrates were sterilized for 5 min using a glow-discharge unit, placed

into 24-well plates and subsequently coated with 350 μl of the desired PLL-g-PEG

polymer solutions. Substrates were washed twice with after 30 min and kept humid

at all times.

Cell Incubation

Rat calvarial osteoblasts and human gingival fibroblasts were removed with trypsin

solution, diluted with the suitable media and seeded onto the coated substrates at

a concentration of each 104 cells/cm2. The whole set of surfaces with attached cells

was incubated for 7 days in a humidified atmosphere at 37 ◦C and 5% CO2. Media

was exchanged at day 3 and 5.

Placement of Bone Chip

HEPES2 buffer solution was removed and surfaces covered with 1 ml of α-MEM

supplemented with a mixture of ascorbic acid (L-ascorbic acid phosphate magnesium

salt n-hydrate; Wako Chemicals, VA, USA) and β-glycerophosphate (Sigma-Aldrich,

Oakville, Ont., CAN). Bone chips were placed in the center of titanium discs. Four

independent experiments for four different time points (4, 6, 8 and 10 days) were set

up and incubated in a humidified atmosphere at 37 ◦C and 5% CO2. After 4 days

culture, media was replaced every second day without contacting the bone chips.

Fluorescent Labeling

Substrates from the cell culture assays containing rat calvarial osteoblasts or human

gingival fibroblasts were washed with warm PBS and fixed in 4% formaldehyde
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(Fisher Scientific, Nepean, Ont., CAN) in PBS for 15 minutes. Membranes were

stained with 10 mM FITC (Sigma-Aldrich, Oakville, Ont., CAN) at 37 ◦C for 2 h,

followed by 3 washes with PBS.

Samples from the bone chip experiments were washed once with warm α-MEM

and fixed with 4% formaldehyde/PBS for 5 min, extensively washed with PBS and

the nuclei stained with DAPI (Vectashield R© Mounting media with DAPI, Vector

Laboratories, Burlington, Ont., CAN) for fluorescence investigation.

6.2.5 Observation Methods

An epi-fluorescence microscope (Axioskop 2 MOT, Zeiss, Oberkochen, GER) was

used to investigate both cell proliferation (osteoblasts and fibroblasts) and bone chips

outgrowths. For cell number determination, 10 random positions were mapped with

a 40x magnification. The bone chip experiments were investigated at 5x magnifi-

cation and single images (with some overlap) from chips and outgrown osteoblasts

were taken, saved in TIFF format and stitched with Adobe Photoshop CS2 R© (Ver-

sion 9.0.1 for Mac OS X). Cell numbers of fibroblasts and osteoblasts as well as

bone chips areas and areas covered by the migrated osteoblasts were analyzed using

ImageJ software (Version 1.32i for Mac OS X).

6.2.6 Analysis of Bone Chip Experiment

Osteoblasts migration and proliferation from the bone chips built up a “fried-egg”-

like image with the bone chip forming the “egg yolk” and the cell outgrowths the

“white”. Areas of osteoblast outgrowths and calvarial bone chips were determined

(since all bone chips were slightly different in size) and the ratio γ thereof calculated

for obtaining a “standardized” measure for the outgrowth of osteoblasts:

γ =
Areamigratedosteoblasts

Areabonechip

(6.1)

6.2.7 Statistical Analysis

Comparisons between measurement series were made using non-parametric tests

(SPSS 11.4 for Mac OS X) because variances were not homogenous and observed
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values were not distributed normally even after appropriate transformations. All

mean values are shown ± SE (standard error). We set our level of significance at

0.05.

6.3 Results

6.3.1 Cell Proliferation

Osteoblasts vs. Fibroblasts on Novel Peptide Surfaces KRSR and

FHRRIKA

In general, more osteoblasts than fibroblasts attached to all the surfaces (p<0.001)

except to the PEG-surface (Mann-Whitney: U=183.5, p=0.525). Multiple com-

parisons showed that significantly more osteoblasts (Tamhane: p<0.001) and more

fibroblasts (p<0.001) attached on bare titanium and RGD-surfaces than on all bio-

inactive ones and the heparin-binding KRSR and FHRRIKA (Figure 6.1a, b). Al-

though more osteoblasts were found on KRSR and FHRRIKA than on their control

surfaces with scrambled peptide sequence, a significant difference was only found for

FHRRIKA (p=0.02). Fibroblast attachment on both KRSR and FHRRIKA was

not different from their control surfaces KSSR and RFHARIK (p>0.270).

Osteoblasts on Mixed KRSR/RGD and FHRRIKA/RGD Surfaces

More osteoblasts were observed on bare titanium than on all the other surface

chemistries (Figure 6.2a, b; Tamhane: p<0.001). Osteoblast attachment on scram-

bled RDG was similar to that observed on PEG and also found to be less than on all

the other surfaces except on pure FHRRIKA (p=0.973). A tendency for higher os-

teoblast attachment on surfaces containing KRSR/RGD as well as FHRRIKA/RGD

was found except for both “50/50” mixes. However, differences were only sig-

nificant for all other KRSR/RGD mixes (Mann Whitney: p<0.011) but not for

the RGD/FHRRIKA mixes (p>0.162). No differences in terms of osteoblast at-

tachment between the KRSR/RGD surfaces and the corresponding ones containing

FHRRIKA/RGD existed (p>0.066).
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Figure 6.1: Cell number after 7 days in culture of rat calvar-
ial osteoblasts (RCO) and human gingival fibroblasts (HGF) on
(a) PLL-g-PEG/PEG-KRSR (KRSR) and (b) PLL-g-PEG/PEG-
FHRRIKA (FHRRIKA) modifed SLA CP titanium surfaces. Bare ti-
tanium (TiO2), PLL-g-PEG (PEG), PLL-g-PEG/PEG-RGD (RGD),
PLL-g-PEG/PEG-KSSR (KSSR) and PLL-g-PEG/PEG-RFHARIK
(RFHARIK) were the control surfaces.
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Figure 6.2: Cell number after 7 days in culture of rat calvar-
ial osteoblasts (RCO) on (a) PLL-g-PEG/PEG-KRSR mixed with
PLL-g-PEG/PEG-RGD (KRSR/RGD) and (b) PLL-g-PEG/PEG-
FHRRIKA mixed with PLL-g-PEG/PEG-RGD (FHRRIKA/RGD)
modified SLA CP titanium surfaces. Corresponding control surfaces
were PLL-g-PEG mixed with PLL-g-PEG/PEG-RGD (PEG/RGD).
Peptide concentrations (e.g., 75/25) are given in percentage (%) of the
total mixed peptide surface densities (3.0 pmol/cm2). Bare titanium
(TiO2) and scrambled PLL-g-PEG/PEG-RDG (RDG) modified sur-
face are shown for comparison and complete the controls from Figure
6.1.
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Rat Calvarial Bone Chips

None of the bone chips stuck (attached in a way that avoided displacement) to

any SLA CP Ti disc independent from surface chemistry after 4 days of incu-

bation, although there were few osteoblasts grown out of the bone on all surface

chemistries. No significant differences for osteoblast migration were found between

surface chemistries (Kruskal Wallis: χ2
10=18.24, p=0.051; Figure 6.4), however, most

osteoblasts migrated from bone chips placed onto titanium, RGD, FHRRIKA and

75PEG/25RGD.

After 6 days, 70% of the bone chips on the bio-active surfaces attached and os-

teoblasts migrated migrated out from all sides (Figure 6.3). Approximately 30% of

the bone chips adhered to the bio-inactive surfaces, although cells which migrated

from the bone chip covered a smaller area than cells found on all the other surfaces.

Significant differences were found for cell migration area vs. bone chip area between

surface chemistries (Kruskal Wallis: χ2
10=18.34, p=0.050; Figure 6.4). Mean values

for the ratios found on titanium and RGD were higher than the ones on their control

surfaces. Cells observed on the two RGD-containing mixes, on the other hand, did

not migrate as far as the ones found on their control surface 75PEG/25RGD. Addi-

tionally, osteoblasts on all bio-inactive surfaces were also the only ones observed to

not migrate out in an isotropic way (Figure 6.3).

All bone chips on the bio-active surfaces stuck after 8 days, whereas on the bio-

inactive ones still 30% did not attach completely. The ratios of cell migration area vs.

bone chip area were found to be significantly different between surface chemistries

(Kruskal Wallis: χ2
10=25.76, p=0.004; Figure 6.4). Mean values found on all pure

bio-active surfaces showed the same pattern as for titanium and RGD at day 6 in

comparison with their controls. Furthermore, cells observed on 75KRSR/25PEG

did cover a larger area than the ones on the 75PEG/25RGD surface.

After 10 days, all bone chips stuck on all surface chemistries and osteoblasts started

to migrate in all directions even on the bio-inactive surfaces. Significant differences

for the area covered by osteoblasts between surface chemistries existed (Kruskal

Wallis: χ2
10=23.09, p=0.010; Figure 6.4). Mean values were higher for all bio-active

surfaces in comparison with their corresponding inactive control surfaces.
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Figure 6.3: Fluorescent images showing bone chips from rat calvariae
surrounded with outgrown cells (nuclei were stained for DAPI). All sub-
strates were SLA CP titanium discs with the following surface modifi-
cations: (a) bare titanium surface (TiO2), (b) PLL-g-PEG (PEG), (c)
PLL-g-PEG/PEG-KRSR (KRSR), (d) PLL-g-PEG/PEG-FHRRIKA
(FHRRIKA). The peptide surface densities were 3.0 pmol/cm2. γ de-
scribes the ratio between outgrown rat calvarial osteoblasts (surrounded
with white) and bone chip area (surrounded with yellow). The arrow
in the FHRRIKA image refers to a flipped-over area of migrated os-
teoblasts (see text for more details).
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Figure 6.4: Ratio γ between the area covered by outgrown rat calvarial
osteoblasts and the bone chip area after 4 different time periods (see la-
bel in (b) for details). All substrates were SLA CP titanium discs with
the following surface modifications: (a) Pure PLL-g-PEG/PEG-KRSR
(KRSR) and PLL-g-PEG/PEG-FHRRIKA (FHRRIKA). (b) PLL-
g-PEG polymers with scrambled peptides RDG, KSSR and RFHARIK
(negative controls). (c) Three parts (75%) of PLL-g-PEG polymers con-
taining KRSR or FHRRIKA mixed with one part (25%) RGD-modified
PLL-g-PEG to reach a total peptide surface density of 3.0 pmol/cm2.
The 75PLL-g-PEG/25PLL-g-PEG/PEG-RGD surface served here as
control for the enhanced effect. Bare titanium (TiO2) and unfunction-
alized PLL-g-PEG (PEG) served as control surfaces and are plot in all
three graphs for comparison.
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6.4 Discussion

6.4.1 Osteoblast and Fibroblast Response to KRSR and

FHRRIKA Surfaces

Our findings indicated that rat calvarial osteoblast and human gingival fibroblast

cell numbers were influenced through surface chemistry. A PEGylation of the ti-

tanium surface drastically reduced attachment of both osteoblasts and fibroblasts,

whereas the introduction of the RGD-peptide (3.0 pmol/cm2) restored cell numbers

to similar values found on bare titanium. These observations after seven days of

culture showed the same tendency as previously published data [17] based on ear-

lier incubation times. In general, more osteoblasts than fibroblasts were found on

all surface chemistries (except for PEG) thus demonstrating the preference of os-

teoblasts [24, 25] to proliferate more than fibroblasts [26] on rough substrata like

SLA over a time period of 7 days. Osteoblast attachment on KRSR and FHRRIKA

did not reach the levels found on RGD or bare titanium, although they were found

to be higher than the values obtained on the bio-inactive surfaces. An increase of os-

teoblast attachment on KRSR surfaces in comparison with RGD by approximately

5% and an increase by approximately 30% in comparison with control KSSR sur-

faces were found by Dee et al. [8]. In our case, however, an increase of osteoblast

attachment by 40% on KRSR in comparison with KSSR was observed, but a de-

crease of a factor 4.6 in respect to RGD was measured. One explanation for these

differences could be the lower peptide density used in our experiments (3.0 pmol/cm2

instead of Dee’s 80 pmol/cm2) and our use of a non-fouling strategy to immobilize

our biomolecules, so that we could explicitly study the peptide-cell surface receptor

interaction without interference of non-specific factors. Unlike some other studies

that have reported cell selectivity for osteoblasts when using KRSR-peptide [10, 11],

our results indicated that the difference in osteoblast vs. fibroblast attachment was

rather influenced by surface topography (more osteoblasts than fibroblasts on SLA)

than by chemistry. However, fibroblast attachment on both KRSR and FHRRIKA

was not different from their control surfaces KSSR and RFHARIK unlike osteoblast

attachment on FHRRIKA that was higher in comparison with RFHARIK.

The co-adsorption of RGD and KRSR- or FHRRIKA-containing PLL-g-PEG poly-

mer surfaces showed an increase of osteoblast attachment in comparison with sur-

faces that had the same concentration of RGD only, indicating an enhanced effect
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similar to the one reported by others [8, 9, 12]. Although mean values were higher

on both FHRRIKA and KRSR-containing RGD-mixes (except for the 50/50 sur-

faces), the effect was weaker (and not significant for FHRRIKA) than expected. On

the other hand, Harbers et al. reported no enhanced effect of FHRRIKA and RGD

using non-fouling interpenetrating polymer networks (IPNs) [27]. A possible expla-

nation would be that the immobilization of RGD and KRSR (or FHRRIKA) in this

somewhat random way does not represent exactly defined distances of cell-binding

and heparin-binding sites as found for example in fibronectin [6, 13]. This could be

overcome through designing a new peptide that would include both the cell-binding

and the heparin-binding pattern in the same sequence with the “native” spatial

spacing.

6.4.2 Bone Chips and Osteoblast Migration

Bone chip attachment and osteoblast outgrowths (size of areas and migration pat-

terns) were mediated through surface chemistries. Bone chips cultured on the bio-

inactive surfaces needed up to 10 days to completely adhere and osteoblasts from

those cells did not migrate isotropically until day 10. The fact that bone chip at-

tachment und subsequent osteoblast migration was slowed on bio-inactive compared

to bio-active but was still possible, can be most likely explained that some small sur-

face defects in the PEG-coating always existed [17] and that at these positions some

osteoblasts had the chance to attach over time on the SLA CP titanium surface.

Once they made contact with the surface, it may have been possible for the cells to

proliferate possibly by displacing/degrading the PEG-coating as they encountered

it, allowing further colonization of the substrate. This situation was completely

different from osteoblasts in culture, which do not have a proliferation “machinery”

in form of a bone chip and therefore can not proliferate that much on a PEGylated

surface.

Bone chip attachment on bio-active surfaces was always more efficient and by day 8

all chips were well adhered to these surfaces. Additionally, osteoblasts on bio-active

surfaces started to migrate in an isotropic way as early as day 6. Even on pure

heparin-binding peptides KRSR and FHRRIKA, osteoblast migration demonstrated

this same effect, indicating that cell migration could also be mediated through trans-

membrane proteoglycan receptors. This observation is further supported that during

preparation of the samples for microscope investigation, a tendency of the osteoblast
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outgrowths to flip over together in form of a “sheet” (see arrow in Figure 6.3) was

observed, showing that these osteoblasts were linked to each other and suggesting

that they were “floating” over the peptide-functionalized PLL-g-PEG coating rather

than being directly bound to the titanium surface. In contrast, osteoblasts migrat-

ing from underneath the bone chip (towards the titanium surface) were probably

facing closer an in vivo situation than the outgrown osteoblasts that more likely

can be compared to standard in vitro cell culture assays. Furthermore, the earlier

attachment of the bone chips on bio-active surfaces in comparison with the controls

might also be an indicator that these polymers had a shorter life-time than the ones

that were not functionalized (or carried a scrambled sequence). In vitro stability of

PLL-g-PEG polymer surfaces was investigated by Vande Vondele et al. and it was

shown that these adlayers were still showing anti-fouling properties as assessed with

fibroblast proliferation data after 10 days exposure time to phosphate buffer solution

or serum and were comparable to freshly prepared PLL-g-PEG coatings [16]. Even

less is know about stability of PLL-g-PEG in an in vivo environment as somewhat

the coating underneath the bone chip was experiencing. A recent study has reported

enhanced bone apposition only during early stages (2 weeks) of bone regeneration

on PEGylated SLA CP titanium implant surfaces using a minipig model indicating

a limited life-time (<2 weeks) of PLL-g-PEG [28].

An enhanced effect in osteoblast migration was visible when mixing RGD with

KRSR and FHRRIKA, respectively. It can be hypothesized that osteoblasts were

stimulated by both the heparin-binding peptides and RGD to migrate over the

surface since some studies have reported that crosstalk between integrins and pro-

teoglycans (syndecans) is taking place during cell adhesion and attachment or even

is required for cell spreading [29–31].

6.4.3 Comparison of Cell Proliferation Assay vs. Bone Chip

Experiment

Osteoblasts outgrown from calvarial bone chips interacted to a greater extent with

the novel peptide sequences KRSR and FHRRIKA than osteoblasts from cell culture

did. Although the two types of osteoblasts were obtained from the same type of rats

employing a similar protocol, the cells in the culture experiments have usually under-

gone several passages involving exposure to trypsin/EDTA, whereas the osteoblasts

that migrated from bone chips were not exposed to trypsin/EDTA. In this respect,



6.5. Conclusions 143

it has been described by Chung et al. [32] that serial passage of MC3T3-E1 cells

(derived from newborn mouse calvaria) altered among other parameters cell mor-

phology, cell proliferation, ALP activity, Osteocalcin secretion and responsiveness

to TGF-β and BMP-2. Additionally, various authors have reported that exposure

of cultured cells to trypsin and/or chelating agents such as EDTA or EGTA resulted

in changes of cell surface morphology and nuclear morphology [33–35]. Although

it seems that these changes are mostly reversible and the cells regain a “normal”

surface structure 24 hours after cell seeding on a substrate [36, 37], little is known

about how trypsinization alters cell adhesion at early times and how these alterations

modify cell behavior later.

6.5 Conclusions

Outgrowths from bone chips can be considered as closer to the in vivo condition

than standard in vitro osteoblast culture assays because the cells have never been

exposed to trypsin or EDTA. Osteoblast outgrowths differed from osteoblast cell cul-

tures in showing attachment to KRSR- and FHRRIKA-coated surfaces. That result

introduces the possibility that coating titanium implant surfaces with the peptides

KRSR and FHRRIKA using PLL-g-PEG chemistry may enhance osteoconduction

on implants. It might be also possible that these coatings show a preference for

a certain osteoblast phenotype, thus promoting a subpopulation of osteoblasts to

proliferate. This could open new windows for cell differentiation assays, where the

potential of having somewhat more selected cell types is of interest. However, it

must be noted that surfaces coated with only KRSR or FHRRIKA do not reach the

efficiency of the RGD peptide surfaces in promoting cell attachment at equal pep-

tide surface densities. Nevertheless, the possibility of addressing in a single coating

several cell surface receptors found in osteoblasts might be a useful approach for

developing novel biomaterial surfaces. In particular, a co-adsorption of RGD and

KRSR may be a useful strategy to further improve the surface (bio)chemistry of an

implant used in bone-contact applications.
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7
Differentiation Assays of MG63

Osteoblast-like Cells on KRSR-

and RGD-peptide Modified

Titanium Surfaces

The work described in this chapter has been done in collaboration with the following

people: Brian Bell, Prof. Zvi Schwartz, Prof. Barbara D. Boyan (all Georgia Institute

of Technology, Atlanta, USA), Dr. Michael de Wild (Institut Straumann AG, Basel,

CH), Prof. Marcus Textor and Dr. Samuele Tosatti.

7.1 Introduction

In the previous chapter, we have demonstrated that osteoblast outgrowths from rat

calvariae bone chips attached to PLL-g-PEG/PEG-KRSR and PLL-g-PEG/PEG-

FHRRIKA coated SLA titanium surfaces, supporting the hypothesis that coating

titanium implant surfaces with these peptides using PLL-g-PEG chemistry may en-

hance osteoconduction on implants. It was also shown that a co-adsorption of RGD-

and KRSR-functionalized PLL-g-PEG polymers may be a favorable approach for im-

plant surfaces in bone-contact applications. However, a successful osseointegration

entails more than the control of cell migration and proliferation, and for a better

understanding of the roles that the novel peptides KRSR and FHRRIKA might have

on osteoblasts, further experiments like cell differentiation assays are necessary.

Due to the large number of substrates typically needed in a cell differentiation assay,
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we decided to focus on the more promising KRSR-peptide. This decision was based

on studies conducted by Dee et al., where it was shown that high KRSR-peptide sur-

face concentrations (approximately 80 pmol/cm2) resulted in osteoblast attachment

comparable to that of RGD-modified surfaces [1]. For the cell differentiation assays

we synthesized a PLL-g-PEG/PEG-KRSR polymer with a high percentage of the

PEG chains (76%) functionalized with the KRSR peptide resulting in 20 pmol/cm2

KRSR surface density (to be compared with 3 pmol/cm2 as used in Chapter 6).

With this type and the RGD-modified polymer the following surfaces were prepared

for subsequent cell culture studies:

i) Surfaces with different concentrations of PLL-g-PEG/PEG-KRSR to investigate a

potential KRSR surface concentration dependence (5, 10, 15 and 20 pmol/cm2), and

ii) surfaces with different ratios of PLL-g-PEG/PEG-RGD and PLL-g-PEG/PEG-

KRSR to investigate a potential synergistic effect of the KRSR and RGD peptide.

The amount of PLL-g-PEG/PEG-RGD was kept constant at two different peptide

densities (0.05 pmol/cm2 and 1.26 pmol/cm2) to allow a comparison with a pre-

vious study [2]. Differentiation assays were performed using MG63 osteoblast-like

cells and cell numbers, alkaline phosphatase activity, osteocalcin, total transforming

growth factor β1 and prostaglandin E2 were determined after 8 days of culture.

7.2 Materials and Methods

7.2.1 Polymers and Notation

Peptide-functionalized and unfunctionalized PLL-g-PEG polymers were synthe-

sized according to the protocols described in Chapter 3. The following 4 poly-

mers were used (named hereafter according to their peptide sequences): peptide-

functionalized polymers PLL-g-PEG/PEG-RGD (RGD), PLL-g-PEG/PEG-KRSR

(KRSR), PLL-g-PEG/PEG-KSSR (KSSR) and unfunctionalized PLL-g-PEG

(PEG) (see Table 7.1 for detailed information). KRSR peptide surface density var-

ied between 5, 10, 15 and 20 pmol/cm2; KSSR (scrambled control peptide) was set

to 10 pmol/cm2, and RGD was used with 0.05 pmol/cm2 and 1.26 pmol/cm2. Dif-

ferent concentrations of peptide-functionalized PLL-g-PEG polymers were obtained

by mixing with unfunctionalized PLL-g-PEG. When working with multi-peptide
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Figure 7.1: Experimental design of this study (red) showing peptide
surface densities of PLL-g-PEG/PEG-RGD, PLL-g-PEG/PEG-KRSR
and combinations thereof in comparison to similar PLL-g-PEG/PEG-
RGD surfaces (green) used in a previously published study [2]. Note:
all peptide surface concentrations are given in pmol/cm2.

surfaces, the following notation was given: e.g., 0.05RGD/10KSSR that refers to

a mix of 0.05 pmol/cm2 RGD and 10 pmol/cm2 KSSR with a total peptide density

of 10.05 pmol/cm2 on the surface. Concentrations of single peptide surfaces were

also visible from their notations: e.g., 15KRSR that corresponds to 15 pmol/cm2.

7.2.2 Experimental Design

SLA CP Ti discs were cleaned and sterilized in oxygen plasma for 5 minutes, placed

in 24 well plates and immediately coated with the desired PLL-g-PEG polymer

solutions for 30 min at room temperature. Substrates were rinsed twice with

HEPES2 buffer solution. MG63 osteoblast-like cells were cultured and seeded in

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FCS and 1%

penicillin/streptomycin at a concentration of 9’000 cells/cm2. The whole set with
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Table 7.1: Molecular weight, grafting ratio, peptide functionalization,
polymer/protein adsorption and peptide surface density for all polymers
used in this study.

attached cells was incubated in a humidified atmosphere with 5% CO2 at 37 ◦C. Me-

dia was exchanged at day 3, 5 and 7. Assays were conducted at day 8 (one day post

confluence). MG63 osteoblast-like cell numbers and cell markers (Alkaline phos-

phatase activity, osteocalcin, total TGF-β1 and prostaglandin E2) were determined

as previously published [2, 3].
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7.3 Results and Discussion

Alkaline phosphatase activity was investigated since it is usually upregulated when

the extracellular matrix is being prepared for calcification. Osteocalcin was mea-

sured as an indicator of osteoblast differentiation. Transforming growth factor β1

and prostaglandin E2 were determined as indicators of local factors that are involved

in wound healing and osteogenesis (formation of bone) [4]. All data are shown as

mean values ± SE.

7.3.1 Cell Number

MG63 cell number was lower on PEG compared to bare titanium and TCPS. Similar

cell numbers as on PEG were found for cells on pure KSSR and low RGD combined

with KSSR, whereas the 1.26RGD/10KSSR mix showed higher cell numbers than

on PEG. Addition of KRSR alone did not increase the number of cells for any

concentration examined. Cell number was also unaffected or lowered by low levels

of RGD (0.05 pmol/cm2), but at higher concentrations (1.26 pmol/cm2), RGD did

result in slightly increased numbers of cells.

7.3.2 Alkaline Phosphatase

All PLL-g-PEG modified surfaces (independent from type and degree of function-

alization) caused an increase of alkaline phosphatase activity in comparison to bare

titanium or TCPS. Highest values for ALP activity were found for PEG, KSSR,

0.05RGD, 0.05RGD/10KSSR as well as for 0.05RGD/10KRSR surfaces. As the

RGD content increased, there was evidence for a cooperative effect between RGD

and KRSR with respect to ALP activity, although the level was still lower than for

the PEG surfaces.

7.3.3 Osteocalcin

Osteocalcin production of MG63 osteoblast-like cells was higher on all PLL-g-PEG

modified surfaces (independent from type and degree of functionalization) in com-

parison to bare titanium or TCPS. Addition of peptides to PLL-g-PEG resulted
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Figure 7.2: Cell number of MG63 osteoblast-like cells cultured for 8
days on PLL-g-PEG modified CP Ti SLA surfaces. The control surfaces
are shown in the upper panel: “Plastic” (Tissue culture polystyrene),
“SLA” (bare Ti) and “SLA-PEG” (PLL-g-PEGmodified only) and the
three RGD/KSSR-containing surfaces. The lower panel “0.05RGD”
and “1.26RGD” shows the results of the experiments with a constant
RGD peptide density (0.05 and 1.26 pmol/cm2, respectively) and varied
KRSR-peptide densities (5, 10, 15 pmol/cm2) whereas “0RGD” refers
to the assays with only KRSR at different surface densities (5, 10, 15,
20 pmol/cm2).
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Figure 7.3: Alkaline phosphatase activity of MG63 osteoblast-like cells
cultured for 8 days on PLL-g-PEG modified CP Ti SLA surfaces. The
control surfaces are shown in the upper panel: “Plastic” (Tissue culture
polystyrene), “SLA” (bare Ti) and “SLA-PEG” (PLL-g-PEGmodified
only) and the three RGD/KSSR-containing surfaces. The lower panel
“0.05RGD” and “1.26RGD” shows the results of the experiments with
a constant RGD peptide density (0.05 and 1.26 pmol/cm2, respec-
tively) and varied KRSR peptide densities (5, 10, 15 pmol/cm2) whereas
“0RGD” refers to the assays with only KRSR at different surface den-
sities (5, 10, 15, 20 pmol/cm2).
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Figure 7.4: Osteocalcin production of MG63 osteoblast-like cells cul-
tured for 8 days on PLL-g-PEG modified CP Ti SLA surfaces. The
control surfaces are shown in the upper panel: “Plastic” (Tissue culture
polystyrene), “SLA” (bare Ti) and “SLA-PEG” (PLL-g-PEGmodified
only) and the three RGD/KSSR-containing surfaces. The lower panel
“0.05RGD” and “1.26RGD” shows the results of the experiments with
a constant RGD peptide density (0.05 and 1.26 pmol/cm2, respec-
tively) and varied KRSR peptide densities (5, 10, 15 pmol/cm2) whereas
“0RGD” refers to the assays with only KRSR at different surface den-
sities (5, 10, 15, 20 pmol/cm2).
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in increased osteocalcin levels (except for 15KRSR and 20KRSR) in comparison to

titanium. RGD caused a further increase when combined with 5KRSR and 15KRSR.

7.3.4 Transforming Growth Factor β1

Transforming growth factor β1 showed higher mean values for MG63 cells that were

cultured on all PEGylated surfaces compared to titanium and TCPS. Highest values

were found on KSSR, 0.05RGD and 0.05RGD/5KRSR. Increased RGD with higher

KRSR (>10 pmol/cm2) concentrations resulted in a decrease of TGF-β1 production.

7.3.5 Prostaglandin E2

Prostaglandin E2 levels in the conditioned media were higher on all PLL-g-PEG

modified surfaces (independent from type and degree of functionalization) in com-

parison to bare titanium or TCPS. This effect was further increased on 5KRSR and

0.05RGD/5KRSR.

7.4 Conclusions

According to the preliminary data presented in this chapter, the PLL-g-PEG coat-

ings had a positive effect on ALP activity as well as on osteocalcin, total TGF-β1

and prostaglandin E2 production. However, this upregulation on PEGylated sur-

faces holds for values per cell only, while the values per total culture vary much less.

The introduction of the KRSR-peptide at different concentrations did not show any

up (or down) regulation of these markers, neither did the co-adsorption of RGD

and KRSR reveal a promising trend in showing an enhanced or even synergistic

effect. Although additional studies would be required to obtain sufficient data for

appropriate statistical analysis, it can be speculated that with this system and the

peptide concentrations used, higher osteoblast differentiation is unlikely since the

coresponding effects were in general weak and/or not present at all. These findings

contrast with the results obtained from rat calvarial osteoblast outgrowths on KRSR

surfaces presented in the previous chapter, where it was shown that cell outgrowth

was stimulated on KRSR surfaces in comparison to the control surfaces PEG and

KSSR. Still, it should be noted, that in the same study for rat calvarial osteoblasts in
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Figure 7.5: Transforming growth factor β1 production of MG63
osteoblast-like cells cultured for 8 days on PLL-g-PEG modified CP Ti
SLA surfaces. The control surfaces are shown in the upper panel: “Plas-
tic” (Tissue culture polystyrene), “SLA” (bare Ti) and “SLA-PEG”
(PLL-g-PEGmodified only) and the three RGD/KSSR-containing sur-
faces. The lower panel “0.05RGD” and “1.26RGD” shows the results
of the experiments with a constant RGD peptide density (0.05 and 1.26
pmol/cm2, respectively) and varied KRSR peptide densities (5, 10, 15
pmol/cm2) whereas “0RGD” refers to the assays with only KRSR at
different surface densities (5, 10, 15, 20 pmol/cm2).
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Figure 7.6: Prostaglandin E2 expression of MG63 osteoblast-like cells
cultured for 8 days on PLL-g-PEG modified CP Ti SLA surfaces. The
control surfaces are shown in the upper panel: “Plastic” (Tissue culture
polystyrene), “SLA” (bare Ti) and “SLA-PEG” (PLL-g-PEGmodified
only) and the three RGD/KSSR-containing surfaces. The lower panel
“0.05RGD” and “1.26RGD” shows the results of the experiments with
a constant RGD peptide density (0.05 and 1.26 pmol/cm2, respec-
tively) and varied KRSR peptide densities (5, 10, 15 pmol/cm2) whereas
“0RGD” refers to the assays with only KRSR at different surface den-
sities (5, 10, 15, 20 pmol/cm2).
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culture, the KRSR-effect was not that effective either, as assessed by cell attachment

after 7 days. These results lead us to the conclusion that although KRSR is likely

to have an osteoconductive effect (based on the bone chip outgrowth study, Chapter

6), this effect may not become evident in standard in vitro studies where at least a

minimum number of single cells have to attach first – in order to be able to prolif-

erate – before they can undergo differentiation. Thus, for a better understanding of

the effect of KRSR on bone formation, in vivo studies are indispensable.
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8
Summary and Outlook

8.1 Epoxy Replica Technique

We have demonstrated that we were able to reproduce surface topographical fea-

tures and surface compositions of a rough titanium metallic surface by the use of

TiO2-coated epoxy replicas. The chosen replica technique showed suitable replica-

tion of highly complex 3-D structures in the millimeter, micrometer and (partially)

sub-micrometer range without controlled (constant) surface chemistry at the same

time. Such replicas provide the possibility to observe exactly the same structures

in different experiments, e.g., by applying a mechanical mark to the master. This

advantage has the potential to open new windows in the observation of cell behavior

on a randomly structured surface. In addition, the possibility to coat epoxy replica

samples with practically any metal or metal oxide using physical vapor deposition

(PVD) technique provides a perfect tool to investigate the effect of surface chemistry

independently from surface topography on morphologically highly complex surfaces.

We have also shown that the replica technique allows the straightforward fabrication

of substrates with two different types of topography (e.g., smooth and SLA) on the

same specimen, which not only is difficult but also extremely expensive to obtain

with other surface engineering techniques. These dual-type topography substrates

facilitate comparisons within a single culture dish, thus, eliminating dish-to-dish

variation as well as saving material, time and costs compared to the usual method

of evaluating surfaces in separate dishes.
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8.2 Influence of Surface Topography on Cell Be-

havior

We have shown that cell attachment after 24 hours of 3T3 fibroblasts and rat cal-

varial osteoblasts can be influenced by surface topography independently from sur-

face chemistry. More 3T3 fibroblasts were found on smooth than on SLA surfaces,

whereas for rat calvarial osteoblasts the opposite tendency was observed. Addition-

ally, rat calvarial osteoblast attachment was approximately a factor 1.5 higher on

SLA than on smooth topography, thus indicating that the small features produced

by acid-etching (and mainly responsible for the 6.5-fold increase of specific surface

area of SLA compared to a smooth surface) did not seem to influence the adhesion

process. Porcine epithelial cell attachment did not follow any regular pattern; here

the presence of cell-cell contacts leading to cell clusters were more relevant for cell

attachment. Footprint areas of 3T3 fibroblasts, rat calvarial osteoblasts and porcine

epithelial cells were approximately 5-fold reduced on SLA compared to smooth sur-

faces, indicating a direct influence of the specific surface area of SLA (6.5 cm2/cm2).

Rat calvarial osteoblasts were found to be more circular (higher cell shape factor) on

SLA compared to smooth surfaces, whereas for 3T3 fibroblasts the opposite response

was observed except for the RGD-peptide surface. This antagonistic behavior ob-

served with 3T3 fibroblasts may indicate the lack of an additive effect of topography

and surface chemistry on those cells. Porcine epithelial cells were circular on both

surface topographies smooth and SLA.

8.3 Influence of Surface (Bio)chemistry on Cell

Behavior

8.3.1 Cell-binding RGD-peptide Surfaces

Attachment and footprint areas of 3T3 fibroblasts, rat calvarial osteoblasts and

porcine epithelial cells on bio-inactive surfaces PEG and RDG were drastically re-

duced after 24 hours in culture. Although these two surfaces were resistant to

protein adsorption as shown by OWLS and did not contain any bioligands, a small

number of cells did always adhere, probably due to small surface defects of the
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PEG-brushes. The immobilization of the RGD-peptide sequence at surface densities

�0.67 pmol/cm2 restored 3T3 fibroblast, rat calvarial osteoblast and porcine epithe-

lial cell attachment and footprint areas to levels typically found on (unmodified, i.e.,

protein-covered) titanium surfaces. A peptide surface density of ≈0.027 pmol/cm2

(corresponding to a calculated ligand-ligand distance of ≈84 nm) was found to be

the lower limit for producing a surface with significantly increased rat calvarial os-

teoblast attachment in comparison to bio-inactive surfaces PEG and RDG. In gen-

eral, we found that rat calvarial osteoblast attachment and footprint areas increased

with increased RGD-peptide surface density. However, no synergy (interaction) be-

tween RGD-peptide surface density and surface topography was observed for rat

calvarial osteoblasts, neither in terms of attachment nor footprint area. 3T3 fi-

broblasts and rat calvarial osteoblasts on PEG, RDG and low RGD concentrations

(�0.13 pmol/cm2) were more circular than those on titanium or high RGD concen-

trations (�0.67 pmol/cm2). Porcine epithelial cells were spherical on all surfaces.

Rat calvarial bone chip attachment and osteoblast outgrowths (size of area and mi-

gration pattern) were mediated through surface chemistries. Bone chips cultured

on PEG surfaces needed up to 10 days to completely adhere, and osteoblasts from

those chips did not migrate isotropically until day 10. On the other hand, bone chip

attachment on RGD surfaces was always more efficient and at day 8, all chips were

well adhered to these surfaces. Additionally, osteoblasts from bone chips on RGD

surfaces started to migrate in an isotropic way as early as day 6.

It was reported in a study by Tosatti et al., that MG63 osteoblast-like cells on non-

adhesive SLA surfaces as PEG and low RGD surfaces (<0.05 pmol/cm2) showed a

higher degree of differentiation (as assessed by TGF-β1 and PGE2 production) than

MG63 cells on high RGD surfaces (>0.05 pmol/cm2) [1]. This leads to the conclu-

sion that modifying biomedical interfaces with RGD above a certain surface density

might not be the optimal way for implants in bone-contact applications. However,

it might be still useful to present RGD ligands at lower densities, or to coat areas

of the implant that are in contact with other tissues as for example epithelium or

fibrous tissue.
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8.3.2 Heparin-binding KRSR- and FHRRIKA-peptide Sur-

faces

Rat calvarial osteoblast attachment on KRSR and FHRRIKA did not reach the lev-

els found on RGD or bare titanium after 7 days in culture, although they were found

to be higher than the values obtained on the bio-inactive surfaces PEG, KSSR and

RFHARIK. An increase of 40% in rat calvarial osteoblast attachment on KRSR

compared to KSSR (85% on FHRRIKA vs. RFHARIK), and a 4.6-fold decrease

in respect to RGD was measured. Our results also indicated that the difference

in rat calvarial osteoblast vs. human gingival fibroblast attachment was more sig-

nificantly influenced by surface topography (more osteoblasts than fibroblasts on

SLA) than by surface chemistry. However, human gingival fibroblast attachment

on both KRSR and FHRRIKA was not different from their control surfaces KSSR

and RFHARIK. Conversely, rat calvarial osteoblast attachment on FHRRIKA was

higher in comparison to RFHARIK.

Osteoblast outgrowths from rat calvariae differed from rat calvarial osteoblast

cell cultures by showing attachment to pure heparin-binding peptides KRSR and

FHRRIKA coated surfaces. Additionally, osteoblast outgrowth and migration on

KRSR and FHRRIKA started in an isotropic way as early as day 6, indicating that

cell migration could also be mediated through transmembrane proteoglycan recep-

tors. Furthermore, the earlier attachment of the bone chips on bio-active surfaces

in comparison to the controls might indicate that these polymers had a shorter life-

time than the ones that were not functionalized (or carried a scrambled sequence).

MG63 osteoblast-like cells on PLL-g-PEG coatings showed a positive effect on ALP

activity as well as on osteocalcin, total TGF-β1 and prostaglandin E2 production in

comparison to cells on unmodified titanium surfaces. However, the introduction of

the KRSR-peptide at different concentrations did not show any further upregulation

of these markers.

Outgrowths from bone chips can be considered closer to the in vivo condition than

standard in vitro osteoblast culture assays because the cells were exposed to trypsin

or EDTA. Additionally, these outgrown cells had the support of a “proliferation ma-

chinery” in form of a bone chip, which is different from osteoblasts in culture (as rat

calvarial osteoblasts and MG63 osteoblast-like cells). This might also be an explana-

tion for the observation that outgrown osteoblasts proliferated in a higher rate than

osteoblasts from culture on the heparin-binding surfaces KRSR and FHRRIKA.
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Therefore, one may speculate that in a in vivo situation, bone formation on these

new coatings KRSR and FHRRIKA might also be enhanced in comparison to PEG

although MG63 osteoblast-like cell differentiation assays did not show any upregu-

lation of osteoblastic markers as a function of KRSR.

8.3.3 Multi-peptide Surfaces of RGD/KRSR and

RGD/FHRRIKA

Co-adsorption of RGD- and KRSR- or FHRRIKA-containing PLL-g-PEG polymer

surfaces showed enhanced rat calvarial osteoblast attachment in comparison with

surfaces that had the same concentration of RGD only, although this effect was not

synergistic. An elevated outgrowth and migration of osteoblasts from rat calvarial

bone chips was also visible on surfaces containing mixtures of RGD with KRSR and

FHRRIKA, respectively. On the other hand, differentiation assays over 8 days using

MG63 osteoblast-like cells did not show any promising trend or an enhanced or even

synergistic effect on RGD/KRSR surfaces in comparison to PEGylated control sur-

faces (e.g., single RGD or RGD/KSSR). An enhanced effect through the combined

immobilization of both a cell-binding and a heparin-binding domain has been shown

by Rezania et al. where larger areas of mineralized ECM on RGD/FHRRIKA sur-

faces were found in comparison with single RGD or FHRRIKA surfaces after 21 days

in culture [2]. The reason for the absence of any significant effect in this differen-

tiation assay might be that the low MG63 osteoblast-like cell numbers on these

surfaces, probably below a critical level, above which effective communication via

cytokine crosstalk can be expected to occur. Another explanation is that using

MG63 osteoblast-like cells (originating from an osteosarcoma) might not be the op-

timal model since it is generally assumed that osteoblast-like cell lines represent a

certain maturation state along the differentiation pathway when a cell was trans-

formed [3]. Thus, comparisons between tumor cells and normal cells often show

multiple differences that could interfere with the phenomenon studied.

A co-adsorption of RGD and KRSR using PLL-g-PEG may still, in principle, be a

useful strategy to further improve the surface (bio)chemistry of an implant used in

bone-contact applications since it provides the potential of addressing, with a single

coating, several cell surface receptors present at the surface of osteoblasts. Whether

this is the case or not would require corresponding animal studies. Currently, an

animal study based on a miniature pig model as published by Germanier et al. [4] is
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in preparation. In addition to bone chamber implants [5], titanium removal torque

implants [6], both having SLA surface topography, will be used and coated with

different KRSR and RGD/KRSR mixtures using PLL-g-PEG chemistry.

8.4 Stability Aspects of PLL-g-PEG

Stability investigations using MG63 osteoblast-like cells have revealed that SLA CP

Ti substrates coated with PLL-g-PEG have lost their protein-resistant properties

when stored in dry state for 3 weeks resulting in higher numbers of attached cells in

comparison to freshly PEGylated surfaces. However, this loss of non-fouling char-

acter can be avoided by rehydrating the PEG-brushes in HEPES2 buffer solution

prior to in vitro studies. On the other hand, when PLL-g-PEG coated SLA CP Ti

substrates were stored in HEPES2 buffer solution in the fridge at 4 ◦C, rat calvar-

ial osteoblast assays on SLA CP Ti surfaces and OWLS measurements on titanium

waveguide surfaces showed well preserved anti-fouling properties, even after 28 days.

Still, it should be mentioned that for industrial applications of PLL-g-PEG , a shelf

life of up to 5 years is required. Currently, some accelerated aging assays according

to ASTM (norm F 1980-02) are in process with a large variety of possible combi-

nations of PLL-g-PEG (dehydrated powder) and PLL-g-PEG solutions (dissolved

in HEPES2, 0.9% NaCl/H2O) as well as coated titanium substrates (dehydrated;

stored under HEPES2 or 0.9% NaCl/H2O). These investigations will reveal the

optimal storage conditions of PLL-g-PEG and/or PLL-g-PEG coated titanium sur-

faces. Additionally, RGD-functionalized PLL-g-PEG will be tested similarly to test

for preservation of bioactivity.

The stability of PLL-g-PEG polymer surfaces against serum-containing media was

investigated by VandeVondele et al. [7]. Adlayers adsorbed onto tissue culture

polystyrene (TCPS) were incubated with PBS or serum-containing media over

10 days and then seeded with cells. Cell proliferation was assessed with WST-1

and shown to be comparable with data obtained on freshly prepared corresponding

PLL-g-PEG coatings. However, this finding does not answer a priori the stability

of PLL-g-PEG coatings in vivo. Little is known and predictions are very uncertain.

At the same time, the time during which such a (bio)chemical coating has to be

stable and functional in vivo is also not known, but likely different for different ap-

plications. Would it be enough to be stable over a short time period of a couple of
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days to “attract” certain cell types (or stop others from attachment) and to avoid

inflammatory processes (or bacterial adhesion) or has the coating to be in place

and active for weeks or even months to ensure cell differentiation and finally bone

formation? A disadvantage associated with the use of adsorbed PLL-g-PEG coat-

ings on surfaces might be the limited wear resistance and possible alteration and

degradation over longer time periods due to biological activity. However, a damage

or removal of such a coating when exposed to wear (as probably happens during

implantation) can be reduced to some extent through the topographical features

(especially the undercuts from the acid-etching process) of the SLA implant surface.

Another possibility could be a covalent immobilization of PLL-g-PEG via a plasma

polymer interlayer with surface aldehyde groups and reductive amination reaction

as shown by Blattler et al. with SiO2 wafer surfaces et al. [8].

8.5 Future Perspectives

For designing a dental implant surface to serve patients that have an impaired

bone forming or wound healing capacity, like those suffering from osteoporosis or

diabetes, a surface modification using only peptides is probably not sufficient. A

surface with a therapeutic effect by additional functionalities such as growth fac-

tors might be required to rapidly stimulate the formation of the desired tissue at

the interface. The role of such growth factors is the regulation of the process of

bone growth and remodeling in a systemic or local way. Systemic hormones in-

clude, for example, growth hormone (GH)/insuline-like growth factor-1 (IGF-1),

thyroid hormone, vitamin D, estrogens, androgens, selective estrogen receptor mod-

ifiers (SERMs)m, glucorticoids, and parathyroid hormone (PTH). Local factors are,

among others, IGF-1, transforming growth factor beta (TGF-β), bone morphogenic

proteins (BMPs), fibroblast growth factors (FGFs), parathyroid hormone related

peptide (PTHrP), prostaglandins (PGs), platelet-derived growth factors (PDGF),

and vascular endothelial growth factor (VEGF) [9].
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8.5.1 Coupling of Growth Factors to Titanium Using PLL-

g-PEG

We developed a protocol (see cartoon in Figure 8.1) to couple TG-modified growth

factors (Transglutaminase substrate site) to PLL-g-PEG coated surfaces through

the transglutaminase factor XIII. As model-growth factor TG-VEGF was linked to

Figure 8.1: Schematic view of coupling transglutaminase (TG)-modified
growth factors to PLL-g-PEG modified titanium surfaces.

PLL-g-PEG/PEG-Lyspep. Coupling between TG-VEGF and Lyspep was shown

by SDS page gel (Figure 8.2) and Western Blot (Figure 8.3). Successful cou-

pling of TG-VEGF to titanium surfaces coated with PLL-g-PEG/PEG-Lyspep was

demonstrated by OWLS (see Figure 8.4). Future experiments include endothelial

cell proliferation studies on these VEGF-modified titanium surfaces to investigate

the effect of the coupled growth factor on cell behavior. In a later phase, it is ex-

pected to couple other growth factors (with TG-sites) to the titanium surface using

PLL-g-PEG/PEG-Lyspep chemistry.
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Figure 8.2: SDS page gel stained with coomassie showing TG-VEGF
and other proteins. Coomassie stains unspecifically all proteins present
in the gel. For specific and more sensitive detection of TG-VEGF, a
western blot is usually needed (see Figure 8.3).

Figure 8.3: Western Blot specific for TG-VEGF. Western blots are
treated with antibodies against the desired protein, in this case VEGF,
to detect it. By knowing the molecular weight of free TG-VEGF, a
coupling to a higher molecular weight molecule through can be shown,
as only bands containing VEGF are visible.
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Figure 8.4: OWLS measurement of TG-VEGF coupled to PLL-g-
PEG/PEG-Lyspep. TiO2/waveguide was coated ex situ with PLL-g-
PEG/PEG-Lyspep and coupled with TG-VEGF at 37◦C. Subsequently,
the modified waveguide was introduced into the OWLS instrument and
after, reaching a stable baseline, antiVEGF antibody was injected.

8.5.2 Coupling of Drug Delivery System to Titanium Using

PLL-g-PEG

A more sophisticated approach of immobilizing growth factors onto a titanium

surfaces is the use of a drug delivery system (Figure 8.5). Preliminary stud-

ies have shown a successful coupling of model drug delivery carriers (polystyrene

microspheres) to PLL-g-PEG. The protocol for coupling these carriers to PLL-g-

PEG/PEG-Lyspep was similar to the one of TG-VEGF except that the coupling

partner for PLL-g-PEG/PEG-Lyspep was PLL-g-PEG/PEG-TG. To prove the cou-

pling of the microspheres to the surface, molecular assembly patterning by lift-off

(MAPL) technique was used [10]. (Figure 8.6). Next steps include development of

“real” drug delivery carriers and loading thereof as well as studies of drug release

kinetics. Possible candidates for producing such delivery devices are poly(lactic-co-

glycolic acid) (PLGA).
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Figure 8.5: Cartoon of coupling drug loaded particles (e.g., poly(lactic-
co-glycolic acid) (PLGA) beads) to the titanium surface using PLL-
g-PEG chemistry. Titanium is coated with PLL-g-PEG/PEG-Lyspep
that covalently binds to PLL-g-PEG/PEG-TG modified microspheres.

8.6 Final Remarks

This thesis focused on the development and screening of different (bio)chemical

modification strategies of titanium dental implant surfaces using PLL-g-PEG chem-

istry. The important advantage of using PLL-g-PEG is its ability to render implant

surfaces resistant to non-specific protein adsorption since it has been hypothesized

that non-specific, uncontrolled protein adsorption to biomaterials is one of the fac-

tors inducing foreign body response, inflammatory processes and delayed healing in

tissue [11]. Another advantage is its potential to drastically decreased bacteria ad-

hesion to PEGylated surfaces even in the presence of RGD as shown with 4 different

types of bacteria that are associated with (dental) implant infections: S. aureus, S.

epidermidis, Strep. Mutans and P. aeruginosa [12, 13] (see Chapter 2). This is an

interesting finding since implant-related infections are extremely difficult to treat

and some of these bacteria are already resistant against standard antibiotics. Fur-
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Figure 8.6: On a MAPL-patterned surface [10] PLL-g-PEG/PEG-FITC
(fluorescein isothyocianate-labeled (green) PLL-g-PEG polymer) was
deposited. After photoresist removal, PLL-g-PEG/PEG-Lyspep was
deposited in the “empty” area (developed region) leading to a surface
with a color contrast green vs. black. Model drug delivery carriers were
subsequently coated with a mixture of PLL-g-PEG/PEG-TG and PLL-
g-PEG/PEG-CY3 (Carbocyanin-3-labeled (red) PLL-g-PEG polymer).
Microspheres were washed and resuspended in a reaction mixture con-
taining the transglutaminase and then transferred to the MAPL sur-
face. Since coupling is specific, red fluorescent areas were visible by
fluorescence microscopy in the PLL-g-PEG/PEG-Lyspep coated area
surrounding green fluorescence in the non-binding coated spots.

thermore, the possibility to link biomolecules and/or drug delivery carriers to the

titanium surface using PLL-g-PEG chemistry by a simple adsorption process makes

PLL-g-PEG a highly versatile immobilization system. With such a self-assembly

system, there is no need for complex multistep surface functionalization procedures;

furthermore, it is relatively straightforward to control quantitatively the density of

the biological function as well as to assemble multiple types of ligands in defined

concentration ratios.

In the future, one could imagine to produce multifunctional coatings designed specif-

ically for a given patient by assembly of polymers that are functionalized with differ-

ent bioligands such peptides, growth factors and/or drug delivery carriers. Whether

PLL-g-PEG in the form of adsorbed monolayers, as used in this thesis, will be
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the carrier material of the future for modifying implant surfaces or not, is spec-

ulative, since the used grafting-to polymer system is one out of dozens of other

systems (e.g., grafting-from [14], polyelectrolyte multilayers [15], photochemically

immobilized polymers [16], hydrogels [17] etc.). However, the results of this thesis

demonstrate that in principle it should be possible to provide cells on the titanium

surface with suitable attachment factors (e.g., peptides), growth factors, and other

components using PLL-g-PEG chemistry to enhance osseointegration.
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ETH Zürich, Diploma Thesis, 2003.

Stability of Self-assembled Alkane Phosphate-/Phosphonate Monolayers on Smooth

Titanium Oxide Schuler M.
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