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Zusammenfassung

Im Rahmen der vorliegenden Doktorarbeit soll die Implementierung von funktionellen

Nanomaterialien in herkömmliche Kunststoffanwendungen untersucht werden. Diese

Funktionalisierung erlaubt es, die physikalischen und chemischen Eigenschaften ausgewählter

Nanomaterialien mit der einfachen Verarbeitung moderner Polymere zu kombinieren. Ein

Teil dieser Arbeit geschah in enger Zusammenarbeit mit einem Industriepartner, Perlen

Converting AG. Durch dieses Zusammenspiel konnte erfolgreich die Markteinführung eines

der entwickelten Produkte hervorgebracht werden. Der biomedizinische Teil dieser Arbeit

basiert auf der Zusammenarbeit mit zwei Gruppen des Universitätsspitals Zürich und dem

Institut für Pharmazie sowie dem Institute für Polymertechnologie, beide der ETH Zürich

angehörend. Die Arbeit ist aufgeteilt in sechs Kapitel, wobei mit einem allgemeinen Teil über

die Funktionalisierung von Polymeren in das Thema eingeführt wird. Es folgen fünf Kapitel,

die im Speziellen die physikalische und chemische Funktionalisierung von Kunststoffen

mittels ausgewählten Nanomaterialien thematisieren. Die hier erläuterte Arbeit macht sich die

gewonnenen Erkenntnisse aus der Diplomarbeit des Autors (Loher S et al., Chem. Mater.,

(2004), 17, 36-42) zu Nutzen.

Kapitel 1 gibt einen Überblick auf die heutigen Forschungsbestrebungen im Feld der

Funktionalisierung von Kunststoffen. Das Augenmerk wurde vor allem auf die Verwendung

spezieller Füllstoffe in Partikelform gerichtet und weniger auf den Ansatz des Polymerdesigns

mittels organischer Chemie.

Kapitel 2 beinhaltet eine Untersuchung über den Gebrauch von kommerziellen

Siliziumdioxid-Agglomeraten als Rheologiemodifikator zur direkten Appli einer

strukturierten Beschichtung in einem Einzelschritt-Prozess. Tn diesem Kapitel wird stark auf

die Fluiddynamik eingegangen und zugleich aufgezeigt, welches Potential die integrierte

Produktentwicklung entfalten kann, bei der Lösung von gegenwärtigen Schwierigkeiten in der

Produktion von Grossmengen an strukturierten Beschichtungen. Im hier diskutierten Fall

wurde ein konventionelles RoUenbeschichtungsverfahren angewendet zur kontinuierlichen

Applikation einer strukturierten Oberfläche auf ein Kunststofffilm substrat. Eine hohe
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Maschinengeschwindigkeit (bis zu 120 m min"1) ermöglichte die grossflächige und

kostengünstige Durchführung, was diesen Prozess äusserst attraktiv macht für die

Serienproduktion. Die Oberflächen-Strukturierung konnte von 100 Mikrometer bis 2

Millimeter variiert werden. Eine detaillierte Analyse des Prozesses zeigte, dass die

Strukturicrung auf einer rheologischen Instabilität basiert, welche auch unter dem Namen

"viscous fingering" bekannt ist. Hervorgerufen wird dieses Phänomen durch die hohen

Scherkräfte beim Rollenbeschichtungsverfahren. Kommerzielles, pyrogenes Siliziumdioxid

wurde einem flüssigen, ursprünglich Newtonschen Poly(Dimethylsiloxan)-01igomer

beigemengt, was in einer Binghamschen Flüssigkeit mit strukturviskosem Verhalten

(Herschel-Bulkley Flüssigkeit) resultierte. Somit blieb die noch unpolymerisierte strukturierte

Beschichtung nach dem Rollenauftrag erhalten, bis diese in einem späteren Prozessschritt

thermisch ausgehärtet wurde. Die regelmässige Strukturierung wurde durch den gemittelten

Rillenabstand charakterisiert und konnte durch die Anpassung der Rollengeschwindigkeit und

der Rollenspaltbreite im Bereich von Mikro- bis Millimetern kontrolliert eingestellt werden.

Durch das Messen der Haftkraft von verschiedenen Haftklebebändern, konnten die

Hafteigenschaften der strukturierten Oberfläche mit denen der glatten Beschichtung

verglichen werden. Für ein aggressives Gummi-basierendes Haftklebeband wurde eine 8-

fache Verminderung der Haftkraft von strukturierten Beschichtungen im Vergleich zu der

planen Referenz-Beschichtung festgestellt. Solche Beschichtungen mit stark reduzierten

Hafteigenschaften finden zurzeit Anwendung in der Verpackungs- und

Lebensmittelverarbeitungs-lndustrie sowie für die Einkleidung von sanitären Anlagen. Die

Produktion wurde vollständig auf den Grossmassstab übertragen und die Beschichtungen sind

erwerbbar auf dem freien Markt.

Kapitel 3 beinhaltet ein Beispiel zur chemischen Funktionalisierung eines Kunststoffes

durch das Einbringen eines biologisch abbaubaren Polymerfüllstoffes. Die Einführung von

bioabbaubaren Kunststoffen im Grossmassstab (z. B. Frankreich verbietet den Gebrauch von

klassischen Kunststoffbeuteln ab 2010), zieht die dringende Verwendung von Füllstoffen mit

ähnlicher Abbaubarkeit nach sich. Als erstes wurde ein zurzeit industriell genutzter

Flammensynthese-Prozess zur Herstellung von Siliziumdioxid-Füllmaterialien so modifiziert,

dass bisher unzugängliche Stoffe wie amorphe Trikalziumphosphat-Nanopartikel (ATCP) und
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Nano-Kalk verfügbar wurden. Durch die Verwendung eines ähnlichen Produktionsprozesses

resultierte eine gleichartige Morphologie der bioabbaubaren Füllstoffe wie bei traditionell

verwendeten Siliziumdioxiden. Das Einbringen solcher hoch agglomerierten ATCP-

Nanopartikel in ein gebräuchliches, bioabbaubares Poly(Laktid-Co-Glykolid) (PLGA) wurde

auf die resultierenden mechanischen Eigenschaften sowie die in vitro Biodegradation und

Biomineralisation untersucht. PLGA-Filme mit einem Partikelgehalt von 0 bis 30 Gew.-%

wurden mittels eines Lösungsmittel-Gussverfahrens hergestellt. Um zu beweisen, dass sowohl

der Füllstoff wie auch der Kunststoff, biologisch abbaubar sind, wurde der Abbau über 42

Tage bei 37 °C unter sterilen Bedingungen in künstlicher Körperflüssigkeit quantitativ

verfolgt. Dabei wurden Messungen mittels Ramanspektroskopie, Rasterelektronen¬

mikroskopie (REM), thermische Analyse und Zugversuche durchgeführt. Die Einbindung von

Nanopartikeln in die PLGA-Matrix hatte eine geringfügige Erhöhung des E-Moduls von bis

zu 30% im Vergleich zum reinen Polymer zur Folge. Darüber hinaus zeigten die mit

Nanopartikeln beladenen Filme eine signifikant erhöhte Abnahme der Polymermasse über die

Abbauzeit. Die Untersuchung mittels REM liess auf einen Abbau der PLGA-Matrix durch

Korrosion schliessen, welche durch das vorhandene nanopartikuläre Kalziumphosphat

unterstützt wurde. Die Ablagerung von ca. 10 nm grossen Hydroxyapatit-Kristallen wurde

vorwiegend bei ATCP-haltigen Filmen beobachtet und konnte mittels Ramanspektroskopie

und Röntgendiffraktometrie nachgewiesen werden. Die Kombination von erhöhter

Hydroxyapatit-Bildung und erleichtertem Polymerabbau bringt eine Verwendung der ATCP-

Kunststoff-Nanokomposite als nicht-tragende Knochenersatzmaterialien in Vorschlag.

In Kapitel 4 wird der ATCP-PLGA Komposit in eine klinisch anwendbare Form

gebracht. Das Elektrospinn-Verfahren wurde verwendet um flexible, wolle-artige

Nanokomposite zu produzieren. Im Vergleich zu konventionellen, granulösen

Knochenersatzmaterialien ergeben sich ein einfaches Portionieren sowie die erleichterte

Anwendung in komplexen Knochendefekten und die vorteilhafte Entfernung im Falle einer

Fehlapplikation. Somit kann der Chirurg wesentlich an Zeit im Operationssaal sparen was

sich positiv auf die Operationskosten für den Patienten auswirkt. Diese Hypothese wurde in

vitro sowie in einer ersten Tierstudie am Universitätsspital Zürich getestet.
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Eine Zellkulturstudie mit menschlichen, mesenchymalen Stammzellen (hMSC)

ermöglichte es, die potentielle Anwendung des Materials als Knochenersatz zu evaluieren.

ATCP-Pulver wurde mittels Flammenspraysynthese hergestellt was in Primärpartikelgrössen

von 20-80 nm resultierte. Daraus wurden mittels Elektrospinning, Scaffolds bestehend aus

PLGA und ATCP mit einem Nanopartikel-Gehalt von 0-40 Gew.-% angefertigt. Drei

verschiedene Scaffolds wurden mit hMSC besiedelt. Eines bestand aus reinem PLGA, die

anderen zwei waren mit 40 Gew.-% Nanopartikel beladen. Davon wurde eines ohne

Behandlung verwendet und eines wurde vor dem Experiment 15 Stunden in künstliche

Körperflüssigkeit getaucht, um einen allfälligen Kalziumionen-Ausbruch beim Besiedeln mit

Zellen zu verhindern. Die Proben wurden anschliessend unter osteogenem Medium inkubiert

und nach 4 Wochen wurden die Proliferation sowie die osteogene Differenzierung der Zellen

bestimmt. Aus den konfokalen Laserrastermikroskopie-Bildern war ersichtlich, dass die

Zellen bei allen Proben ordnungsgemäss an den Fasern anhafteten und keine ungewöhnliche

morphologische Änderung der Zellstruktur eintrat. Es wurden bei der fluorometrischen

Quantifizierung der dsDNA sowie bei der Alkaline Phosphatase-Aktivität keine statistisch

signifikanten Unterschiede unter den Proben festgestellt. Daraus wurde geschlossen, dass

durch die implementierten Nanopartikel keine akuten zytotoxischen Effekte hervorgerufen

wurden. Der Osteocalcin-Gehalt war für alle Scaffolds zwischen 0.12 und 0.19 ng pro ng

DNA, was die osteogene Differenzierung bestätigte.

Kapitel 5 beschreibt die komplexe Inkorporierung eines katalytischen Prozesses in

eine Kunststoffbeschichtung zur Oxidation von Ethylen. Eine wässrige

Poly(Styrolsulfonsäure)-Lösung und ein katalytisches System bestehend aus Palladiumchlorid

(Katalysator) und einem Heteropolyanion (Co-Katalysator), genauer NasHsPMo^Cvo,

wurden mittels eines Lösungsmittel-Beschichtungsverfahren auf einen Polyester-Träger

aufgebracht und unter Umgebungsbedingungen ausgehärtet. Verschiedene "Katalysator zu

Co-Katalysator" Verhältnisse wurden auf ihre Leistung bei der Umsetzung von tiefen

Ethylenkonzentrationen (100 ppm) über eine Zeit von drei Wochen und total sechs

Beschickungen geprüft. Der Palladium-Gehalt in der Beschichtung wurde aus ökonomischen

Gründen konstant tief, bei 5 mg/m2 gehalten. Der Ethylenumsatz wurde mittels

Gaschromatographie unter Verwendung eines Flammenionisationsdetektors (GC-FTD) für bis
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zu 200 Stunden verfolgt und aufgezeichnet. Während die katalytischen Beschichtungen zu

Beginn eine Ethylenkonzentration von <5 ppm innert einem Tag erreichten, ging die Aktivität

nach 3 Wochen Testzeit und sechs Beschickungen mit 100 ppm Ethylen merklich zurück. Bei

der sechsten Beschickung dauerte die Dezimierung auf <5 ppm etwa 5 Tage. Das Verhältnis

von "Katalysator zu Co-Katalysator" hatte nur geringen Einfluss auf die Aktivität. Zur

Verhinderung von Migration der katalytischen Substanzen wurde in einem zusätzlichen

Experiment eine Schutzbeschichtung aus Polystyrol auf die katalytische Schicht aufgetragen.

Die geschützte Folie hatte nach einem Tag etwa 50 ppm Ethylen umgesetzt und nach 60

Stunden waren drei Viertel der anfänglich vorhandenen Ethylenkonzentration absorbiert. Aus

den viel versprechenden Umsatzgeschwindigkeiten kann eine Anwendung der aktiven Folien

zur Verpackung von ethylen-empfindlichen Frischprodukten wie Früchte, Gemüse oder

Schnittblumen suggeriert werden.

In Kapitel 6 wird die Verwendung von Silber-dotiertem Trikalziumphosphat als

antimikrobieller Zusatz in hydrophoben Polymerbeschichtungen evaluiert. Reines

Trikalziumphosphat (TCP), Silber-dotiertes Trikalziumphosphat (Ag-TCP) mit Silbergehalten

von 1 bis 10 Gew.-% und Silber-dotiertes Siliziumdioxid (Ag-Si02) wurden mittels

Flammenspraysynthese hergestellt. Die Eigenschaften der Pulver wurden mit kommerziell

erhältlichen, antimikrobiellen Substanzen verglichen. Die Morphologie und

Phasenzusammensetzung der verschiedenen Pulver wurde mittels Elektronenmikroskopie,

Stickstoffadsorption, Röntgen-Zentrifugation und Röntgendiffraktometrie untersucht. Alle

Flammen-synthetisierten Pulver und eines der kommerziellen Produkte bestanden aus einem

nanopartikulären Trägermaterial auf dem Silberpartikel in der Grösse von <10 nm fein

dispergiert vorlagen. Die heutzutage am Meisten verwendete Substanz hingegen bestand aus

vergleichbar riesigen, >1 um grossen Partikeln auf denen kein metallisches Silber detektiert

wurde. Zur Bestimmung der antimikrobiellen Wirkung wurden die Pulver in eine hydrophobe

Silikon-Beschichtung eingearbeitet und folglich nach den standardisierten Methoden ASTM

E2149-01 und ASTM E2180-01 untersucht. Alle Beschichtungen mit inkorporierten 20 Gew.-

% Ag-TCP zeigten eine starke, 4- bis 6-log Reduktion von gramnegativen E.coli Bakterien in

beiden Tests. Beschichtungen, die Ag-Si02 enthielten, wiesen in den gleichen Tests eine 2-

bis 4-log Reduktion auf und waren gesamtheitlich betrachtet um mindestens einen Faktor 10
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weniger wirksam als entsprechende Beschichtungen mit Ag-TCP. In einem direkten

Vergleich von Ag-TCP Beschichtungen und beiden kommerziellen Produkten (HeiQ-Silver

und Ionpure40) Überragte die Wirksamkeit des phosphathaltigen Trägermaterials um einen

Faktor 100 bis 5000. Darüber hinaus zeigte die Ag-TCP Beschichtung hohe Wirkung (4- bis

6-log Reduktion) gegen P.aeruginosa und C.albicans. Diese aussergewöhnliche

antimikrobielle Aktivität schlägt eine Verwendung solcher Materialien in der Verpackung von

Lebensmittel und Pharmazeutika sowie fur die Beschichtung von Oberflächen in sanitären

Anlagen und Krankenhäusern vor.

In Kapitel 7 wird ein Ausblick in zukünftige Forschungsrichtungen aufgezeigt wobei

Hauptgewicht auf die Anwendung der diskutierten Materialien gelegt wird.
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Summary

The scope of the present work is to implement functional nanomaterials into existing polymer

applications. This functionalization allows a combination of the physical and chemical

properties of specific nanomaterials with the easy processability of modern polymers. Part of

this work was done in strong collaboration with an industrial partner, the Perlen Converting

AG and resulted in the market introduction of a product developed within this thesis. The

more biomedical part of this thesis has been made in collaborations with two medical groups

from the University Hospital Zurich, the Institute of Pharmaceutical Sciences and the Institute

of Polymer Technology both at ETHZ. The thesis is structured in six chapters starting with a

general overview on the functionalization of polymers followed by five chapters discussing

physical or chemical functionalization of polymers by the introduction of specific

nanomaterials. The present work strongly uses knowledge on the preparation of flame-made

nanoparticles arising from the Diploma thesis of the author (Loher S et al., Chem. Mater.,

(2004), 17, 36-42).

Chapter 1 gives an overview of the present research efforts on the functionalization of

polymers. Emphasis was placed on the incorporation of special filler materials rather than on

a design approach using organic chemistry to modify the polymer molecules themselves.

Chapter 2 investigates the use of specific silica agglomerates as rheological modifiers

to directly prepare structured coatings in a single-step process. This chapter makes strong use

of fluid dynamics and illustrates how an integrated process development can provide an

elegant solution to the presently difficult large scale manufacturing of structured coatings.

More specifically, conventional roll coating has been used to continuously apply a structured

surface on a polymeric film substrate. High line speed (up to 120 m min'1) allowed for large

area, low-cost structuring making it most attractive for series production and afforded

patterning in the range of 100 micrometers to 2 millimeters. A detailed analysis showed that

the process relied on a rheological instability, also called viscous fingering, related to high

shear rates in the roll coating device. Commercial, fumed silica was added to a liquid, an
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otherwise Newtonian poly(dimethylsiloxane) precursor to obtain a fluid with Bingham

behavior and shear thinning properties (Herschel-Bulkley fluid). This facilitated the

preservation of the wet, structured coating during the following thermal curing step. The

highly regular pattern was characterized in terms of averaged branch width and could be

controlled from micro- to millimeter size by adjusting coating roll velocity and roll gap

distance. The adhesive properties of the structured coating were compared to unstructured

conventional silicone coatings by measuring the release force of pressure sensitive adhesives.

For rubber-based tape, the release force of patterned PDMS was reduced by a factor of up to

eight if compared to smooth reference silicone. These ultra-low adhesive coatings are

currently finding applications in packaging, food processing, and for covering sanitary

surfaces. The materials are available on the free market and have been fully scaled up to

multiton production.

Chapter 3 discusses the possibility to chemically functionalize a polymer by the

introduction of a biodegradable polymer filler. With the introduction of biodegradable plastics

on a large scale (e.g. France banned the use of classical plastic bags by 2010), fillers of

similar degradation are urgently needed. First, the production of such hitherto unknown

materials was made accessible by modifying the currently industrially used flame synthesis of

silica polymer fillers as to access amorphous tricalcium phosphate (ATCP) nanoparticles or

nano-limestone. The use of a similar process resulted in a comparable morphology of the

biodegradable filler and the traditionally used silica. Doping of a prominent biodegradable

plastic, poly(lactic-co-glycolic acid) (PLGA), with such highly agglomerated ATCP was

investigated for mechanical properties, in vitro biodégradation and biomineralization. PLGA

films with particle loadings ranging from 0 to 30 wt% were prepared by solvent casting. In

order to proof that both filler and polymer were biodegradable, the degradation was

quantitatively followed in simulated body fluid (SBF) at 37 °C under sterile conditions for up

to 42 days by Raman spectroscopy, scanning electron microscopy (SEM), thermal analysis

and tensile tests. The presence of nanoparticles in the PLGA matrix slightly increased the

Young's modulus up to 30% compared to pure polymer reference materials. The

nanoparticles doped films showed a significantly increased loss of polymer mass during

degradation. Scanning electron microscopy images of doped films showed that the SBF
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degraded the PLGA by corrosion as facilitated by the incorporation of nanoparticulate

calcium phosphate. Raman spectroscopy and X-ray powder diffraction revealed that the

deposition of about 10 nm sized hydroxyapatite crystallites on the surface of doped PLGA

films was strongly increased by the addition of tricalcium phosphate fillers. The combination

of increased hydroxyapatite formation and enhanced polymer degradation may suggest the

use of such amorphous, aerosol derived ATCP fillers for applications in non-load-bearing

bone implant sites.

In Chapter 4, the tricalcium phosphate/poly(lactide-co-glycolide) composite of chapter

3 was brought into a clinically applicable form. Electrospinning was used to obtain a flexible,

cotton wool-like poly(lactide-co-glycolide) (PLGA)/amorphous tricalcium phosphate (ATCP)

nanocomposite. The easy portioning, the facilitated application into complex bone defects,

and the advantageous removal in case of misplacement compared to conventional granular

bone substitute materials may result in a relevant time saving for the surgeon. Thus, the easy

handling would not only facilitate the surgery but would also be cost-saving for the patient.

This hypothesis was tested both in vitro and in a first animal study being done at the

University Hospital Zurich.

A cell culture study with human mesenchymal stem cells (hMSC) allowed assessing

the application of the material for potential use as a bone graft. ATCP powder was prepared

by flame spray synthesis and exhibited a particle size between 20-80 nm. Scaffolds with

nanoparticle loadings ranging from 0 to 40% (w/w) were prepared by electrospinning of a

PLGA-based composite. Three different scaffolds, namely one containing no ATCP

(reference) and two samples with 40% (w/w) ATCP in PLGA (as-prepared and pre-immersed

in SBF for 15 hours) were seeded with hMSC. Proliferation and osteogenic differentiation

were assessed by incubating cells in osteogenic medium for 4 weeks. Proper adhesion and an

unaffected morphology of the cells were observed by confocal laser scanning microscopy

(CLSM) for all samples. Fluorometric quantification of dsDNA and analysis of alkaline

phosphatase (ALP) activity revealed no significant difference between the three scaffolds

tested and excluded any acute cytotoxic effects of the nanoparticles. The osteocalcin content
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for all scaffolds was 0.12 to 0.19 ng per ng DNA confinning osteogenic differentiation of

human mesenchymal stem cells on these flexible bone implants.

Chapter 5 describes the more complex incorporation of a full catalytic process into a

polymer film for ethylene oxidation. An aqueous solution of poly(styrenesulfonic acid) and a

catalytic system consisting of palladium chloride (catalyst) and a heteropolyanion (co-

catalyst), more specifically Na3H3PMoqV304o, were solution-coated onto a polyester carrier

film and dried at ambient conditions. Different "catalyst to co-catalyst" ratios where evaluated

for their performance in conversion of low ethene concentration (100 ppm) over an extended

time period of three weeks and totally six loadings of 100 ppm ethene in synthetic air. The

palladium content in the coating was kept constant at 5 mg/m2 because of considerations

regarding the price of the final film. The ethene conversion was determined by gas

chromatography using a flame ionization detector (GC-FID) and followed for up to 200

hours. While initially the catalytic films reached ethene levels of <5 ppm within one day the

activity drastically decreased after 3 weeks and six ethene loadings, where levels of <5 ppm

ethene were observed after about 5 days. The "catalyst to co-catalyst" ratio had only minor

influence on the activity. Further an active coating was additionally covered with a

polystyrene protection coating to prevent subsequent migration of the catalyst. The protected

film converted roughly 50 ppm of ethene after 25 hours and three quarter of the initial C2H4

concentration were absorbed after 60 hours. The promising ethene conversion rate suggests

the use of such films for the packaging of ethene-sensitive fresh produce such as fruits,

vegetables, or cut flowers.

In Chapter 6 silver-doped tricalcium phosphate was evaluated as antimicrobial agent

for the use in hydrophobic polymer coatings. Pure tricalcium phosphate (TCP), silver-doped

tricalcium phosphate (Ag-TCP) with silver contents ranging from lwt% to 10wt% and silver-

doped silica (Ag-Si02) containing lwt% and 5wt% silver were prepared by flame spray

synthesis. The characteristics of the powders were compared to commercially available

antimicrobial agents in powder form, namely HeiQ-Silver (silver-doped silica) and Ionpure40

(silver ion containing glass powder). The morphology and phase composition of the powders

was accessed by electron microscopy, nitrogen adsorption, X-ray disc centrifugation and X-
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ray powder diffraction. While all flame-made powders and sample HeiQ-Silver were

composed of a nanoparticulate support carrying finely dispersed, <10 nm metallic silver

particles lonpure40 showed large, >1 um particles containing no detectable amounts of

metallic silver. As to access the antimicrobial efficacy the powders were incorporated into a

silicone elastomer film and evaluated according to ASTM E2149-01 and ASTM E2180-01.

All films containing 20wt% of flame-made Ag-TCP showed a 4- to 6-log reduction of Gram-

negative E.coli in both tests. Films containing flame-made Ag-Si02 showed only a 2- to 4-log

reduction and were at least 10 fold less efficient as corresponding films with Ag-TCP. In a

direct comparison of Ag-TCP films and both commercial products (HeiQ-Silver and

Ionpure40) the efficiency of the phosphate containing carrier clearly excelled by a factor of

100 to 5000. The Ag-TCP film further exhibited high efficacy (4-log to 6-log reduction)

against P.aeruginosa and C.albicans. This exceptional antimicrobial activity of Ag-TCP films

suggests the use of such materials for the coating of surfaces in sanitary and hospital facilities

and for the packaging of food and pharmaceuticals.

In Chapter 7 an outlook is given listing possible future research directions with

emphasis on the application of the proposed materials.
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1. Functional polymers: The development of novel physical

and chemical properties

1.1 Introduction

Polymers are today the fastest growing materials sector and enable the manufacturing of

numerous commodity products. These large variety of materials reflect a tremendous research

effort mainly in organic chemistry. A variety of ftinctionalized monomer and different

polymerization approaches allow a fine tuning of both mechanical and chemical properties for

a specific application. Such examples range from car tires to polymer packaging for food,

contact lenses, degradable biomaterials and functional clothing. Limitations to this organic

chemistry based approach are given mainly through the capacity of such molecules to enable

change or to provide specific catalytic properties.

Recently, the availability of nanomaterials with specific physical or chemical

properties has motivated the development of both mechanically improved or catalytically

active polymer composites. Research done at ETH Zurich has most recently given access to a

broad variety of chemically active materials, such as heterogeneous catalysts, degradable

nanoparticles and materials for fine tuned optical properties. It was expected at the beginning

of this thesis that incorporation of such advanced functional materials into existing polymers

would allow to combine novel properties with the easy processing of the polymer.

The following chapter gives an overview of the state of the research today and starts

with physically ftinctionalized composites. In a second part, chemical functionalization of

composites using the introduction of functional materials is discussed.
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1.2. Physical functionalization of polymers

The addition of particles to a polymers dates back to the early development of polymer

engineering in the thirties and forties [1-5]. Probably the largest application in terms of

volume is the preparation of car tires. Abrasion resistance is introduced by the implementation

of carbon in the form of carbon black [6-8]. This material today is manufactured at over 8

million tons annually by a flame aerosol process. In the fifties the introduction of silica into

polymers has enabled the preparation of mechanically improved elastomers [9-11] and so-

called green tires [12, 13], combinations of silica aerosols and rubber. Improved mechanical

stability was further introduced by the use of glass fiber reinforced materials [14-16]. Today,

both car and airplane manufacturing is largely based on the availability of these composites.

Mixing between the particulate and the polymer phase is typically done in the range of

several micrometers up to a few millimeters and fibers often attain length scales in the area of

one centimeter. It has been repeatedly speculated that a further reduction of the feature size

may increase the homogeneity and allow even higher mechanical stability. Since the nineties

numerous approaches with more complex inorganic dopants in the size range of nanometers

were investigated and experimental proof on increased mechanical properties was given [17-

22]. Today, most technically applied polymers contain a certain amount of particles (Figure 1-

1) either to increase their strength [23, 24], stability against UV radiation [25] or

processability [26, 27].

A second field of physical functionalization of polymers covers the incorporation of

specific surface morphologies which entail novel properties. Regular micron-sized patterns

enable specific wetting of surfaces [28] and in some cases even exhibit superhydrophibicity

[29] or superoleophilicity [30]. Further application of patterned polymers may be found in

integrated optics [31]. Such systems require highly regular features used as polymeric optical

waveguides. Present techniques to achieve a structuring in the range of micrometers to several

hundred micrometers are mainly based on multi-step processes such as lithographic methods

[28, 29, 32, 33] or require complex tools carrying the negative structure. Latter is

predominately applied either in a molding, casting or embossing process [34-37].
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Figure 1-1. Schematic of the development in physical and chemical fiinctionalization of

polymers. Starring point is the pure polymer (left) which can he altered mainly in terms of

physical properties with different filler materials (middle). Further functionality can he

obtained by an implementation ofsurface structures during processing (right, top) or by the

introduction ofchemically active substances (righl, bottom).

1.3. Application of polymers as foils

Packaging foils today constitute a major share ofthe polymer market. Mainly passive systems

are used to block access to air, water, off-flavor and microbiological organisms to or from

food, pharmaceuticals or consumer goods. Present polymer foils are made of single

constituents or contain multi-layer sandwich constructions. Latter morphology allows a

combination or stacking of different properties. Specific barrier functions are introduced by

the combination of polymers either by lamination two rigid foils or by the application of a

coating from a liquid polymer precursor (e.g. by roll coating).

1.4. Low adhesion coatings

For over fifty years, polydimethylsiloxane (PDMS) has preferably been used for low adhesion

coatings, so-called release coatings, because of its relatively low cost and easy processing
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[38]. The application of low adhesion surfaces or release coatings in combination with

pressure sensitive adhesives, such as adhesive tapes, has become omnipresent in large scale

manufacturing. Control on the peeling process and resulting forces are crucial for safe

production [39]. Release coatings for high-end applications preferably consist of materials

with very low surface energies (< 20 mN m'') such as fluoropolymers. Unfortunately, latter

are economically less favorable and often difficult to process. Fluorine-modified siloxanes

(e.g. poly(methylnonafluorohexylsiloxane), PMNFHS) offer a solution to achieve very low

surface energy [38, 40] while maintaining the easy processing properties of siloxane

polymers. At present, their application is still restricted to the use of low swelling coatings for

applications in contact to organic solvents and for PDMS based pressure sensitive adhesives

[38]. Several detailed studies on siloxanes were carried out by Gordon and co-workers [39,

41, 42] focusing on pressure sensitive adhesives and controlled release. For relatively low

peel rates (0.005-0.17 m s"1) controlled release could alternatively be achieved by high release

additives (HRA, e.g. methyl silicate) which increase substrate adhesion.

1.5. Introducing catalytic functionality in polymers

Up to the present, the enhanced mechanical strength of composites has been a mainly physical

improvement (Figure 1-1). In a next step the addition of chemical functionality to a polymer

would be technically most intriguing. Combining a catalytic process or a chemical activity

with the processability of the polymer would allow transferring chemical reactions out of

industrial production settings to a consumer based market. Most everyday applications of

polymers could benefit from additional activity next to a structural purpose. Early

investigation on hydrogénations [43, 44] being carried out in polymers have shown that small

nanoclusters or nanoparticles of noble metals retain very active catalytic properties. Another

prominent area of examples includes anchoring heterogeneous catalysts on polymer supports

or membranes [45-50]. Probably the largest focused approach has been done in the

development of fuel cell membranes [51, 52] where an intimate mixture between the

membrane itself and its electro-catalytically active constituents today enables an efficient

conversion of hydrogen into electricity.
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1.6. The functionalization of polymeric biomaterials

The efforts done in the field of biomaterials research nicely exemplifies once more the

development towards more complex and functional materials. In the sixties and seventies a

first generation of biomaterials was developed for use in human body. It was the absolute aim

to achieve suitable physical properties matching those of the replaced tissue by entailing

minimal toxic response. Most of these materials, polymers included, were biologically inert.

A second generation of materials was introduced in the eighties featuring capability to be

resorbed and bond to human tissue (bioactivity). Numerous investigations have covered the

use of biodegradable polymers in a pure from [53, 54] or in combination with synthetic

ceramics, such as hydroxyapatite [55]. Some of these materials exhibited excellent bioactive

properties and biodegradability which allowed for the continuous regeneration of new tissue

at the interface to the implant. Today third generation biomaterials are being designed by

introducing features which interact with cells and trigger the formation of bone accelerating

the healing process [56]. Such properties might be obtained by appropriate surface

morphologies in the nanometer range [57] or by the release of specific ions such as silicon,

calcium, phosphates, sodium or magnesium [58].
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2. Rapid production of micro-patterned surfaces using a fluid

dynamical instability

Abstract

The continuous, high speed patterning of polyethylene films with a micron-structured silicone

coating was investigated in a roll coating process that did not depend on the use of pre-

structured tools. Thermally curable poly(dimethylsiloxane) (PDMS) resin was rheologically

modified by the addition of highly agglomerated, aerosol-derived silica and resulted in a

Herschel-Bulkley fluid. Application of the modified siloxane in a roll coating process resulted

in a fluid dynamical instability at high capillary numbers promoting the spontaneous

formation of randomly branched surface structures. The shear-thinning properties of the

nanoparticle doped PDMS resin were adjusted as to preserve the wet, structured coating

during the following thermal curing step. The highly regular pattern was characterized in

terms of averaged branch width and could be controlled from micro- to millimeter size by

adjusting coating roll velocity and roll gap distance. The adhesive properties of the structured

coating were compared to unstructured conventional silicone coatings by measuring the

release force of pressure sensitive adhesives. For rubber-based tape the release force of

patterned PDMS was reduced by a factor of up to eight if compared to smooth reference

silicone. These ultra-low adhesive coatings may find applications in packaging, food

processing, and for covering sanitary surfaces, offering a cost-effective alternative to

conventional surface structuring methods.

Part of this chapter is published in Polym. Eng. Sei., 46, 1541-1547 (2006) and has been

applied for as a PCT patent application (PCT/CH2005/000540).

The films described in this chapter are today produced at a commercial level.
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2.1. Introduction

Development and improvement of polymer surfaces with controlled or low adhesion

properties have resulted in a vast number of commodity products in the last few decades. The

application of low adhesion surfaces or release coatings in combination with pressure

sensitive adhesives has become omnipresent in large scale manufacturing. Control on the

peeling process and resulting forces are crucial for safe production [1]. Low adhesion to a

substrate is further desired, where surfaces have to be prevented from fouling, dirt uptake or

product cross-contamination. The reduction or careful control of adhesion towards biological

agents such as proteins, tissue, microbes, algae or even invertebrates is of great interest for

tissue engineering [2, 3] or the protection of ships against marine biofouling [4].

Adhesion may be altered using specific physico-chemical properties of the

corresponding surface material: The most prominent polymers today are silicone or

fluorocarbon based release coatings mainly due to their low surface free energy [5, 6]. For

over fifty years, polydimethylsiloxane (PDMS) has been preferably used for release coatings

because of its relatively low cost and easy processing. Release coatings for high-end

applications preferably consist of materials with very low surface energies (< 20 mN m"1)

such as fluoropolymers. Unfortunately, latter are economically less favorable and often

difficult to process. Fluorine-modified siloxanes (e.g. poly(methylnonafluorohexylsiloxane),

PMNFHS) offer a solution to achieve very low surface energy [6, 7] while maintaining the

easy processing properties of siloxane polymers. At present, their application is still restricted

to the use of low swelling coatings for applications in contact to organic solvents and for

PDMS based pressure sensitive adhesives [6], Several detailed studies on siloxanes were

carried out by Gordon and co-workers [1, 8, 9] focusing on pressure sensitive adhesives and

controlled release. For relatively low peel rates (0.005-0.17 m s"1) controlled release could

alternatively be achieved by high release additives (HRA, e.g. methyl silicate) which increase

substrate adhesion.

In contrast to this material-based approach, the adhesive properties of a surface may

also be changed by the introduction of a specific surface pattern. Suitable structures reduce

the amount of exposed surface area and limit the contact between adhesive and release liner.

This reduced interaction facilitates the peel-off process. Micron-sized patterning can further
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imply a self-cleaning effect [10, 11]. In part it is responsible for the so-called lotus effect [12-

14] if the surface is inherently hydrophobic and exhibits surface features down to the

nanometer scale. Another micron-structured surface observable in nature is the skin of a shark

[15]. Latter has promoted numerous investigations on trying to mimic and understand the

phenomena of reduced near wall drag forces [16-18]. For continuous 2-dimensional ribs a

drag reduction of approximately 9% was attributed to a reduction of turbulent wall shear

stress [17] for an optimal dimensionless lateral rib spacing s'r,pt in the range of

s\f„ =
^!lb 10- 30 (2.1)

v

where, uT is the shear velocity (m s"1) and v the kinematic viscosity (m2 s'1). For technically

important flows in water, an optimal rip spacing of several hundred micrometers can be

calculated [17, 18]. The optimal rib height hopt according to experimental investigations by

Bechert [19] was observed around

KP,~~ 0.5-j^ . (2.2)

The tremendous demand for structured surfaces has brought up many different

preparation methods for polymer processing. The structure dimensions accessible by these

methods range from approximately 1 um to several 100 um [20]. Direct printing lithography

excels by high accuracy and process latitude but is too expensive for large area

manufacturing. Laser direct writing requires no pre-structured tools or masks but current

scanning speeds are limited to around 5 cm s'1 [20]. Processes more suited for large scale,

continuous series production are casting, molding, hot embossing, soft embossing, and

microcontact printing [21-27]. Unfortunately, they all require complex processing tools

carrying the negatively structured pattern.

It would therefore be most attractive to obtain structured pattern without the need of

any pre-structured tools. The present study investigates the use of a generally undesired fluid-

dynamical instability as the structure providing agent.
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Fluid stability during roll coating

The tremendous industrial relevance of roll coating has motivated detailed investigations on

the fluid dynamic behavior in the gap between two rolls [28-30]. Instabilities in the fluid film

split result in an irregular meniscus and trigger the formation of generally undesired ribbed

structures and irregularities [28, 31-35]. The instability in the meniscus was previously

attributed to a small perturbation [31 ] which grows in time. Roll coating and rib-forming of

Newtonian fluids has been well investigated [36-41]. Unfortunately, most fluids used in the

coating industry exhibit highly non-Newtonian behavior (e.g. polymer precursors or

solutions). The effect of elasticity on the ribbing instability has therefore attracted much

interest [30, 42]. Previous studies on a two roll coating device with viscoelastic fluids have

revealed a strongly enhanced susceptibility to fingering if compared to the use of Newtonian

fluids [34, 39, 43].

For Newtonian fluids, a stability analysis in film splits was investigated by Saffman

and Taylor [44] who related the onset of ribbing to a dimensionless capillary number Ca:

Ca = £— (2.3)
a

where // (kg m-1 s"1) is the fluid dynamic viscosity, U (m s1) is the mean flow velocity, and a

(N m"1) surface tension of the applied fluid. For air-to-fluid displacement a critical condition

in a Hele-Shaw cell with parallel walls was found as

Co., - if-';-)gb2
, (2.4)

12(7

where p (kg m"3) is the fluid density, palr (kg m~3) is the air density, g (m s"2) is the gravity

constant, and b (m) is the gap thickness. Hence, the onset of ripping is favored for higher roll

velocity or increasing viscosity of the fluid. For non-parallel walls the diverging or

converging walls of the Hele-Shaw cell [34] have an influence on the stability of the flow.
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Based on a one-dimensional stability analysis in the absence of gravitational effects and for

constant mean flow velocity the critical condition can be expressed as

Cacr,t = -tan[V>
5 / *

(2.5)

where a is the divergence angle (Figure 2-1, 2-2). Including both gravitational stabilization

and stabilization due to gap divergence leads to a modified Saffman-Taylor theory [34] for

critical condition

Ca„„
.
I,an(«A <" ' " -**'^ >

cr"

3 [/2' 12ff
(2.6)

where h is the local gap thickness at the meniscus (Figure 2-1), and ß is the angular location

of the meniscus (while ß=0 in horizontal position, Figure 2-2).

(a)

a fluid

(b)

x

Figure 2-1. Schematic drawings of a formed split gap as observed during roll coating, (a)

Side view, (b) Top view displaying thefluid instability with wavelength X.
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coated film

applicator roll

pick-up roll

back-up roll

Substrate film

5 cm

feed pan

Figure 2-2. Schematic setup of a three roll coating device. Polymer precursor is taken up

from the feed pan by the pick-up roll, transferred to the applicator roll and applied on the

film.

Flow instability of yield-stress fluids can result in branched fingering of the fluid as

observed by McCloud & Maher and Lindner & Coussot [45, 46] using Hele-Shaw cells where

a high viscous fluid was pushed by a low viscous fluid (e.g. air). Very limited knowledge is

available on the Saffman-Taylor instability of yield-stress fluids in roll coating flow. While

previous studies aimed for elimination of rib forming in roll coating, we take advantage of the

ribbing instability to apply a defined coating pattern. In order to illustrate one possible

application for ultra low adhesion surfaces, continuous preparation of milli- to micrometer

structured PDMS coatings was demonstrated by roll coating at 3 m min"1 thus allowing highly

economic production [47].
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2.2. Experimental

2.2.1. Materials and surface coating method

A solvent-free silicone coating system based on polydimethylsiloxane (PDMS) was used as a

basic raw material consisting of the following weight proportions: 4700 parts vinyl-terminated

polydimethylsiloxane (Dehesive® 610, Wacker Silicones, Germany), 270 parts hydrogen

terminated polydimethylsiloxane (Crosslinking Agent V24, Wacker Silicones, Germany), 140

parts platinum-based catalyst (Catalyst OL, Wacker Silicones, Germany), and 10 parts 2-

methyl-3-butyn-2-ol (purum, >99.0%, Fluka) as an inhibitor. Highly agglomerated silica

nanoparticles (Aerosil® 200, Degussa, Germany) were added to the liquid polymer precursor

to modify the rheology. In a typical run, 5 wt% silica was first added to the silicone basis and

mixed with a conventional agitator (EUROSTAR digital, IKA Labortechnik) applying 500

rpm for 20 minutes. Increasing amounts (5, 10, 15, and 20wt% of the final resin mass) of 2-

propanol (purum, >99.0%, Fluka) were then mixed with the modified silicone resin as to

further adjust the rheological properties. Finally, the inhibitor, crosslinker, and catalyst were

admixed and the resulting resin was applied on a high density polyethylene (HDPE) film

(FOLIEtech, Kunstoffwerk AG, Germany, 150 [im film thickness) by the aid of a laboratory

scale three roll direct coating machine (Polytype AG, Switzerland) with co-rotating rolls

(Figure 2-2). The line speed was kept constant at 3 m min"1 while the coating roll speed and

the gap distance between the coating roll and the substrate film was altered to achieve

different coating properties. Curing of the as-applied topcoat was done by in-line thermal

treatment at 120 °C until complete polymerization was reached. The experimental results

obtained were compared to unmodified resin labeled as Ref(i.e. neither silica nor 2-propanol

was added).

2.2.2. Characterization methods

The dynamic viscosity of the different coating resins was investigated on a controlled strain

rate rheometer (ARES rheometer, Rheometric Scientific) with cone/plate (diameter 50 mm)

geometry at a constant temperature of 25°C. Steady rate sweep tests of the fluids were

performed over a shear rate range of 0.1 to 100 rad sec'.

The grammage (weight of cured silicone per square meter) of the roll coated silicone

films was altered from 2 to 8 g m2 and measured by X-ray fluorescence (XRF) of silicon on a
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ASOMA 200T (ASOMA Instruments Inc.) bench-top analyzer. The contribution of

incorporated silica to the absorption caused by the silicone resin was considered negligible as

its relative amount to the silicon of the PDMS is small. Images of the as-prepared films were

taken on a light microscope (1X51, Olympus) equipped with a digital camera system (DP 12,

Olympus). Peel force testing was conducted on a tensile tester (Type BZ 2.5/TN1S, Zwick)

according to the FTNAT test method no. 10 (FTM 10, FINAT Technical Handbook 6th edition,

2001) at a constant peel rate of 0.3 m sec"1. Aging of the coatings was done for at least two

weeks before testing the adhesion to industrially relevant, aggressive pressure sensitive

adhesives. Two adhesives based on polyacrylic acid and butadiene-styrene rubber (tesa7476

and 7475, tesa, Germany) were chosen to cover a broad range of applications.

2.3 Results and Discussions

2.3.1. Rheology of the coating resin

Figure 2-3 compares the shear stress of the as-prepared silicone resins for increasing shear

rate on a double logarithmic scale. The rheological behavior of polydimethyl siloxane resin

before and after the addition of 5 wt% silica shows the strongly non-Newtonian effect of the

highly agglomerated silica polymer filler. Different amounts of 2-propanol (0 to 20 wt%)

were used to further control the final rheological behavior of the silicone polymer system

allowing facile application. The shear stress can be expressed by the Herschel-Bulkley model:

î = t0 + K-f 0<r0 , (2.7)

where l is the shear stress, 10 is the yield stress, K is the power law coefficient, /' is the

shear rate, and n is the power law exponent. Note that w=l corresponds to Bingham behavior

and n<\ is observed for shear-thinning fluids. The parameters^,,, K, and n (Table 2-1) well

described the properties of the here-used siloxane polymer and the experimentally measured

(symbols) data could be fitted (lines) by nonlinear least-squares data fitting of the Herschel-

Bulkley model.
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Table 2-1 Parameters ofthefitted Herschel-Bulkley modelfor different resin compositions.

Herschcl-Bulkley model

Solvent content Yield stress
" Power law coefficientb Power law exponent'

/wt% /Nnr2 /Nnr2s" /-

1.01

0.80

0.57

0.60

0.59

0, reference 0.02 0.24

5 63.6 2.54

10 30.5 7.12

15 16.5 5.10

20 9.09 3.78

"error ±10%

"error ±10%

c

error ±0.02

The pure reference resin (Ref) exhibited a flow behavior close to Newtonian (i.e. 10

=0, «=1, Table 2-1). For all modified silicone polymers a Herschel-Bulkley behavior with an

increasing yield stress for lower solvent contents was observed. The power law coefficient

was significantly higher for all silica-containing silicone resins and the shear-thinning effect

was confirmed by the values of the power law exponent below unity. Changing the solvent

content allowed adjustment of the rheological properties of the PDMS resin. The dynamic

viscosity as a function of shear rate could then be calculated from the measured shear stress

(Figure 2-3) and underlined the strong shear-thinning properties of the modified silicones

(Figure 2-4).
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Figure 2-3. Shear stress versus shear rate ofdifferent silicone resins on a double logarithmic
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addition of silica to the resin results in a Herschel-Bulkley type fluid. Experimental data
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2.3.2. Roll coating of a Herschel-Bulkley fluid

The as-prepared silicone resins were applied on HDPF-substratc films by direct three roll

coating (Figure 2-2) and subsequent thermal curing at 120 °C. The application of pure

silicone resin resulted in a smooth surface coating of silicone polymer on the polyethylene

earner film (Figure 2-5a). In contrast to this conventional coating, the application of a suitable

silica-modified siloxane resulted in a clearly visible surface pattern (Figure 2-5b to f). In order

to investigate the influence of the roll coating parameters, the relative coating roll speed and

the coating gap distance were systematically chanced.

Figure 2-5. Light microscopy images of structured films for different solvent contents and

silicone loadings (grammage) at a constant relative roll velocity of 0.3 m min '
Top images

show the reference film with no silica, no solvent and grammage 4 g m
2
(a) and films with

silica and 5wt% solvent 3 3 g m
J (b), and 5 5 g m

- (c) grammage. Bottom images refer to 20

wt% solvent c ontent and 2 g m
-

grammage (d), 15 wt% and 3.3 g m
2
(e), and 15 wt% and 4.3

g m
: (f). Thin black lines are caused by the pattern of a Neubauer cell used for scaling

Figure 2-6 compares the rib distance (wavelength perpendicular to the machine

direction) for different mass loadings (grammage) of silicone on the polyethylene film at a

constant relative roll velocity of 0.3 m min"1. A higher loading resulted in an increased rib

distance irrespectively of the amount of solvent used for dilution.
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Figure 2-6. Rib distance versus the silicone loading of the films produced with the modified

silicone resin.

Figure 2-7 depicts the influence of the relative roll speed on the rib distance for a

series of siloxane polymers with increasing solvent content. The rib distance was not affected

by the relative roll speed and accurate production was possible for varying roll speed. This

effect corroborated the robustness of the here-proposed process. The solvent content could be

easily adjusted prior to production and offers a readily usable control parameter for the rib

distance. At low solvent content (5 wt% 2-propanol), the siloxane was very sticky and the

process control was poor. At higher solvent content (10 to 20 wt%), the process was very

stable and the rib distance decreased from around 1.2 mm to 400 urn. The dimensions

accessible with the here-used conditions range from 0.1 mm to 1.6 mm. The ribs showed

more distinct patterning (rib height) for lower velocities while at very high relative speeds (>

60 m s"1) the ribs leveled. Latter effect may again be attributed to the pronounced shear-

thinning properties of the resin (Figure 2-3).
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The present observations indicate that the critical capillary number has been exceeded

in the investigated production runs. Using the measured Herschel-Bulkley parameters (Table

2-1) and the definition of the capillary number (Eq. 2.3), we find a capillary numbers of 5 to

25 which exceed the values attributed to stable film splitting laying below 0.1 for the

conditions used (Eq. 2.6) [34]. The high capillary number can be primarily attributed to the

relative high viscosity of the rheology-modified silicones (see Figure 2-4). The ribbing of the

film was therefore a direct result of the instability at the film split. Once the structured

polymer film leaves the roll gap, only the surface tension tries to smooth out the polymer film

and thus exerts a shear stress onto the polymer. The high viscosity at low shear rate (Figure 2-

4) results in high relaxation times. As a consequence, the structures formed at the film split

were preserved throughout the fixation step by thermal curing. All structures (Figure 2-5)

showed an alignment in machine direction as could be expected from the instability

consideration. The most distinct pattern with high ribs was observed for low (5wt%) solvent

content silicone i.e. for high viscosity of the fluid (Figure 2-5a, b, c). This behavior may rise

from the fact that the higher the yield stress the higher the relaxation time and the lower the

smoothing effect. The pattern of the structured surface ranged from branched ribs (Figure 2-
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5a, b) for small gap distances (coating grammage ~3 g m'2) to more parallel ribbing with less

branching (Figure 2-5c) for larger gaps (coating grammage ~6 g m"2). These results agree with

earlier observations of saw tooth cusped patterns in forward coating roll flow for elastic fluids

at high capillary numbers [34].

2.3.3. Adhesion properties

As an example of an industrially important application, the structured siloxane films were

compared to conventionally prepared, smooth silicone coated polyethylene for their adhesion

properties. The release forces of selected coatings were tested with commercially available

pressure sensitive adhesives. Since all films were manufactured from the same silicone

polymer, any influence caused by material properties could be excluded. The processing

parameters and rib properties for all tested films are listed in Table 2-2.

Table 2-2 Parameters ofthefitted Herschel-Bulkley model for different resin compositions.

Sample Solvent eontent, Grammage, Rel. velocity, Rib distance,

wt% gm": m s"1 mm

5sol 5 6.8 4.4 1.4

Wsol 10 6.7 4.4 1.6

15sol 15 5.7 4.4 0.7

Ref 0 6 4.4 -

Release forces of a poly(acrylic acid) (tesa7475) and a rubber based (tesa7476)

pressure sensitive adhesive were measured at a constant peel rate (0.3 m s"1) and room

temperature (Figure 2-8). For statistical relevance, at least ten measurements were conducted

in parallel and the forces were averaged over the peel process. The errors were taken from the

averaged minimal and maximal values. It can be clearly seen that the release force for the

acrylic based adhesive (tesa7475) in general is rather low (around 5 cN (25 mm)"1) but a

minimal value of 2.7 cN (25 mm)'1 was obtained for a structured sample prepared from 5wt%

2-propanol (5sol). Even the smooth reference silicone film showed relatively low adhesion

values as silicone release films are generally more effective for acrylic based adhesives. As a

consequence, the release properties are within a narrow range and predominantly depend on

the material properties. A much larger effect on the release properties was observed for a

rubber based adhesive which generally shows enhanced adhesion to silicone liners. The

release forces could be drastically reduced by the ribbing as observed for samples 5sol, lOsol,
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and 15sol (Figure 2-8). Again, a most effective reduction was found for sample 5sol with a

long wavelength (1.4 mm) and distinct ribbing arising from the high yield stress of the low

solvent content. Compared to a smooth surface (Ref) with similar coating thickness, the peel

force of 5sol was reduced by a factor of eight. Moreover, the smaller standard deviation of the

mean peel force values for structured films (approx. 2 cN (25 mm)'1) is much smaller than the

one of an unstructured reference Ref (approx. 6 cN (25 mm)"1)- This suggests that a higher

control ofthe release properties could be achieved by using ribbed surface structures.

solvent content / wt%

Figure 2-8. Release forces of two commercial pressure sensitive adhesives (tesa7475,

tesa7476)for different coatingproperties.

2.4. Conclusions

A structured polymer coating was successfully applied on a flexible HDPE substrate by three

roll direct coating in co-rotating mode which offers continuous, low cost production. The

patterning arises due to the coating flow conditions chosen above the critical capillary number

where instability in the film split occurs. The rheological behavior (Herschel-Bulkley fluid) of

the silica-modified resin guarantees the preservation of the pattern throughout the fixation by

thermal curing. Branched and single-tooth ribbing of high regularity were achieved with
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dimensions of the pattern ranging from 0.1 mm to 1.6 mm. The ribbed PDMS coatings,

having less adhesion-exposed surface area, exhibited up to eight times lower release forces if

compared to the smooth reference coating. Effects were more significant for a rubber based

adhesive (tesa7476) then for an acrylic based tape (tesa7475) attributed to inherent high

adhesion of rubber tape to the PDMS. For this reason the proposed method is suitable for the

production of very low adhesion surfaces and controlled release, especially for rubber based

adhesives. The as-prepared PDMS patterns suggest the use for structure transfer to other

substrates by means of stamping. Furthermore the highly economic production makes

obtained structured coatings a promising candidate for application as friction reducing surface

e.g. in aviation or seafaring.
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3. Improved degradation and bioactivity of amorphous

aerosol derived tricalcium phosphate nanoparticles in

poly(lactide-co-glycolide)

Abstract

The industrially used flame synthesis of silica polymer fillers was extended to amorphous

tricalcium phosphate (ATCP) nanoparticles and resulted in a similar morphology as the

traditionally used polymer fillers. Doping of poly(lactide-co-glycolide) (PLGA) with such

highly agglomerated ATCP was investigated for mechanical properties, increased in vitro

biodégradation and the formation of a hydroxyapatite layer on the surface of the

nanocomposite. PLGA films with particle loadings ranging from 0 to 30 wt% were prepared

by solvent casting. Degradation in simulated body fluid (SBF) at 37 °C under sterile

conditions for up to 42 days was followed by Raman spectroscopy, scanning electron

microscopy (SEM), thermal analysis and tensile tests. The presence of nanoparticles in the

PLGA matrix slightly increased the Young's modulus up to 30% compared to pure polymer

reference materials. The nanoparticles doped films showed a significantly increased loss of

polymer mass during degradation. Scanning electron microscopy images of doped films

showed that the SBF degraded the PLGA by corrosion as facilitated by the incorporation of

nanoparticulate calcium phosphate. Raman spectroscopy and X-ray powder diffraction

revealed that the deposition of about 10 nm sized hydroxyapatite crystallites on the surface of

doped PLGA films was strongly increased by the addition of tricalcium phosphate fillers. The

combination of increased hydroxyapatite formation and enhanced polymer degradation may

suggest the use of such amorphous, aerosol derived ATCP fillers for applications in non-load-

bearing implant sites.

Part of this chapter is published in Nanotechnology, 17, 2054-2061 (2006)
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3.1. Introduction

The use of biodegradable polymers in modem surgery has helped to strongly reduce postoperative

stress and the need for secondary operations. Poly(lactide-co-glycolide) (PLGA) has been known for

decades as a biocompatible and bioresorbable polymer [1-4] with applications ranging from drug

delivery [5, 6] to soft tissue engineering [7], nerve regeneration [8] and bone surgery [9, 10].

Especially in orthopedics, many investigated characteristics such as an increased control on implant

degradation rate and a tighter bond to existing bone are offering a continuing challenge to biomaterials

development. PLGA itself is available from controlled copolymerization and allows in part control of

the rate of degradation at the expense of mechanical properties [11, 12]. A reinforcement of PLGA

may be achieved by addition of polymer fillers.

Calcium phosphates have been widely used as biomaterials because of their

biocompatibility and osteoconductivity [13, 14]. Tricalcium phosphate (Ca3(P04)2) excels in

terms of degradability and bioactivity [13, 15, 16] which has resulted in frequent use in

clinical applications. Amorphous calcium phosphate (ATCP) with enhanced solubility has

attracted much interest as it has been postulated as a precursor of hydroxyapatite formation

[17-20]. Earlier work on composite materials of polymethacrylate and precipitated, 0.1-80 um

sized ATCP resulted a in high-release of calcium and phosphate ions, enhanced bioactivity

and the incorporation of undesired pyrophosphate impurities [21-23]. The use of micrometer

sized, crystalline tricalcium phosphate with low surface area (< 1 m2 g"1) in poly(a-hydroxy

acids) led to hindered degradation [24] and additionally showed unfavorable mechanical

properties upon degradation [25], A comparison to industrially applied flame aerosol derived

silica fillers shows that specific particle size and morphology are required for elastomer

fillers.

It has been shown previously that the incorporation of nanometer-sized but persistent

titania in PLGA resulted in higher osteoblast functions attributed to the obtained

nanostructured surface mimicking the structure of natural bone [26, 27], Additionally carbon

nanotubes dispersed in a polymer matrix have been shown to promote osteoblast cell response

[28] although the cytotoxicology of the non-degradable carbon nanotubes is fiercely debated.

Therefore the application of nanoscale polymer fillers with desired morphology is not only

expected to improve mechanical properties but may also result in more effective orthopedic

implants.
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Most recently, the industrial aerosol process has been extended to the preparation of

complex materials such as phosphates, fluoro-apatites or doped salts [29, 30] in the form of

agglomerated nanoparticles with similar morphology as the currently used silica polymer

fillers. We therefore decided to investigate the use of such amorphous calcium phosphate

aerosols as degradable polymer fillers. Composite materials with up to 30 wt% inorganic filler

were compared to pure PLGA. Materials were investigated by a combination of thermo-

analysis, X-ray diffraction, tensile tests, electron microscopy and Raman spectroscopy for up

to 42 days of degradation in simulated body fluid. Our findings revealed an increased

degradation of the polymer composite and strongly enhanced formation of hydroxyapatite

crystallites on the composite surface.

3.2. Materials and methods

In order to test PLGA/ATCP composite materials for their degradation properties, films of the

corresponding materials were prepared by solvent casting. Since numerous clinical

applications require degradable implant materials in the form of screws, plates, rods or other

shapes, measurements on the tensile strength of the composites were included as to show how

the addition of ATCP affected the mechanical properties of the PLGA polymer.

3.2.1. Preparation of PLGA/ATCP composites

Clinically used poly(lactide-co-glycolide) (PLGA) with a copolymer ratio of 85:15

(Resomer® Sample MD Type RG) was purchased from Boehringer Ingelheim with a weight

and number average molecular weight of 453'100 g/mol and 203'300 g/mol, respectively.

Amorphous tricalcium phosphate nanoparticles (ATCP, chemical formula: Ca3(P04)2) were

prepared by flame spray pyrolysis [29]. PLGA/ATCP films were synthesized using solvent

casting for PLGA/ATCP weight ratios of 100/0, 90/10, 80/20, and 70/30. As-prepared ATCP

nanoparticles were sieved (315 urn mesh) and dispersed in chloroform (>99%, MERCK) at a

concentration of 0.01-0.02 g ml"1 using an ultrasonic processor (UP400S, 24 kHz, Hielscher

GmbH) at 200W for 4 min using pulsed intervals (50%) to allow for relaxation of the

particles in the solvent. Corresponding amounts of polymer were subsequently dissolved in

the dispersion up to a final polymer concentration of 5 wt%. For references, the neat solvent

was used for polymer dissolution. As-obtained solutions were poured in Teflon molds, fixed

on pre-cooled (30min at 4 °C) glass plates and dried at room temperature (12 hours). The
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films were put in a vacuum oven at 75°C for 48 hours to guarantee removal of residual

solvent as confirmed by thermo-gravimetric analysis (TGA). For all degradation studies, all

required films were prepared simultaneously from the same batch of material. Films with a

thickness of 120-150 um were then cut into dogbones (stressed length 12.6 mm, width 2 mm)

and randomly assigned to be used for different degradation times. Experiments with different

PLGA/ATCP composition were made using at least 5 identically treated samples in parallel.

3.2.2. Characterization ofATCP nanoparticles and PLGA/ATCP

composites

The specific surface area of the ATCP was analyzed by nitrogen adsorption at 77K using the

Brunauer-Emmett Teller (BET) method on a Tristar instrument (Micromeritics Instruments)

after outgassing at 150 °C for 1 h. For Fourier transform infrared spectroscopy (FTIR), lwt%

of powder was mixed with KBr (Fluka, puriss) and examined on a Tensor 27 spectrometer

(Bruker Optics, 4000 cm"'<>.<400 cm"1, 16 scans, 4cm"' resolution) equipped with a diffuse

reflectance accessory (DiffusIR, Pike Technologies). Mechanical properties were obtained

by tensile tests of at least five specimens on a Instron 4411 (Instron Co.) at ambient conditions

with a crosshead speed of 12.6 mm min"1. The morphology of the polymer films was followed

by scanning electron microscopy (SEM, Hitachi S-900 operated at 1 kV) after platinum-

sputtering. Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC-

822e in a temperature range of -20 to 200 °C using a heating rate of 10 °C min"1. Surface

properties and composition of polymer films were further studied by Raman spectroscopy on

an EQUTNOX 55 spectrometer equipped with a FT-Raman accessory FRA 160/S (Bruker

Optics) in backscattering mode (laser power 450 mW, 4000 scans, 4 cm'1 resolution). For

thermo-gravimetric analysis (TGA) approximately 20 mg of sample were heated from room

temperature up to 700 °C at 5 °C min1 under air (TGA/SDTA851e, Mettler Toledo).

The influence of immersion in simulated body fluid on the crystal phase of the

tricalcium phosphate filler was investigated by X-ray powder diffraction (XRD). Selected

sample films were dissolved in chloroform to remove the polymer and the insoluble, calcium

phosphate residual was extracted and washed repeatedly with pure chloroform. XRD patterns

were collected from the as-extracted or additionally sintered (1 h at 900 °C) residuals using a

Siemens powder X-ray diffractometer (Ni-filtered CuKH radiation, step mode, step size of
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0.3°, ambient conditions). Crystallite size was calculated using the Scherrer equation

following the procedure outlined by Langford and Wilson [31].

3.2.3. Degradation protocol

Simulated body fluid (SBF) was prepared according to Kokubo et al. [32] and sterile-filtered

through a Nalgene® pre-sterilized filter unit. Sample weights before (Wo) and after

degradation (Wd, Ww, see below) were recorded individually. After UV-sterilization (50

W/m2, 2 hours), samples were immersed in 500 ml SBF for 1, 3, 7, 21, and 42 days at 37 °C

(climatized room). The SBF was changed after 1 and 4 weeks to guarantee a constant liquid

composition. Furthermore, the amount of Ca2+ ions that could be released from the samples

was small in comparison to the Ca2+ content of the 500 ml SBF. After removal, samples were

rinsed with Millipore water, carefully wiped, and weighted before (wet weight, Ww) and after

air drying for 12 h at room temperature (dry weight, Wd). The weight loss (L) was determined

by L = (Wo-Wd)/Wo and the water uptake (U) calculated according to U = (Ww-Wd)/Wd. The

mechanical properties were tested after the 12 h drying (see above) and measured at room

temperature (298 K).

3.2.4. Statistical methods

Experiments were carried out using five samples of identically treated and processed

materials from the same batch of polymer or ATCP nanoparticles in parallel. For all figures

data were represented as values ± standard error for absolute values and as (values ± standard

error) over (mean experimental values) for relative changes of a measurable quantity, e.g.

polymer mass loss, inorganics content with respect to pure PLGA or the corresponding

property before degradation. Effects of the various ATCP content on the composite were

statistically analyzed with a p<0.05 significance level using a two-factorial Bonferroni/Dunn

analysis of variance test taking experiment number and ATCP content as factors.
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3.3. Results and Discussions

3.3.1. Tricalciurn phosphate nanoparticle filler properties

Flame spray synthesis resulted spherical, amorphous and highly agglomerated tncdlcium

phosphate naiioparticlcs (Figure 3-1) [29J This powder morphology is similar to the one of

industrially used silica polymer fillers As-prepared nanoparticles exhibited a specific surface

area of 80±2 rrf g
' which is consistent with earlier studies [29J

Figure 3-1. Transmission electron microscopy image of as-prepared trie ahmm phosphate

nanoparticles (a) Spherical highly agglomerated partie les result from the flame spra\ process

icsembling the moiphology of silica produced hy flame aerosol synthesis Ihe hurning spray of a

flame synthesis reactor during production of trie ale mm phosphate (h) showing orange li^ht emission

of e ale mm

X-ray diffraction (XRD) showed no distinct pattern and Fourier transform Infrared

spectroscopy (FUR) spectroscopy (Figure 3-2a) resulted in broad absorption bands Both

measurements corroborated the amorphous structure of the as-prepared powder FTIR-
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absorptions between 1550 cm"1 and 1400 cm'1 indicated the presence of minute amounts of

carbonate in the as-prepared material while the bands at 3800 cm"1 to 3200 cm"1 and around

1600 cm"1 corresponded to physisorbed water. After sintering at 900 °C for 1 hour in air,

distinct, characteristic peaks for ß-TCP [33] were observed.
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Figure 3-2. Fourier transform infrared spectra of as-prepared and sintered tricalcium phosphate

nanoparticles produced byflame spray synthesis (a). Broad absorption bands for as-preparedpowder

transform into distinct peaks characteristic for ß-TCP after crystallization by calcination. Young's

modulus (b), yield stress (c), and strain at break (d) ofundopedandATCP-dopedPLGA as a function

ofdegradation time. * two specimens tested, **
one specimen tested.

3.3.2. Mechanical properties of PLGA/ATCP nanocomposites

In order to study the influence of aerosol derived tricalcium phosphate fillers on the

mechanical properties of PLGA, a series of doped polymer samples was tested before and

after degradation in SBF at 37 °C. Sterile conditions ensured that no bacterial or fungal

degradation contributed to polymer dissolution. The incorporation of calcium phosphate

nanoparticles had a positive effect on the Young's modulus (Figure 3-2b): For as-prepared

samples the elastic modulus was increased by 20 - 40 % relative to PLGA references and
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remained consistent during degradation. In contrast, the yield stress (Figure 3-2c) was

negatively affected by the addition of the inorganic filler and reduced by 30 to 50 %

depending on the loading and the degradation time. Strong changes were observed for the

strain at break (Figure 3-2d). Pure PLGA showed a 120% elongation at break before

degradation. Latter value was strongly reduced to 15 or 2.4% elongation for materials

containing 10 or 30 wt% ATCP. However, after one day of immersion in SBF, the pure

PLGA (100/0) also lost most of its ductility (strain at break of 3.7%) and became comparable

to doped samples (2.4% for sample 90/10, see Figure 3-2d). After this initial strong decrease

of elongation at break for pure PLGA, the brittleness of all materials remained relatively

constant during up to 6 weeks degradation.

3.3.3. Mass loss and water uptake

Increasing or controlling the rate of polymer degradation is a major target in polymer based

biomaterials development. During in vitro treatment with simulated body fluid, two processes

are altering the structure and composition of a bioactive polymer composite: Polymer

degradation removes PLGA mass. Hydroxyl-apatite deposition simultaneously occurs and

enables the surrounding bone tissue to better bind the implant material. Ideally, the

degradation process offers a smooth transition between a mainly polymer based stability to a

regenerated bone material.

In order to accurately follow these two competing processes, we measured the

composite or polymer mass loss after degradation, the reversible water uptake as a measure

for porosity and swelling (Figure 3-3) and the inorganic content of the composite (Figure 3-

6a). Since the mass of the composite after degradation consists of inorganics (measured

thermo-gravimetrically after removal of the polymer by combustion), water (measured as the

weight difference before and after drying) and remaining PLGA, the polymer degradation

could be calculated from the sample mass and the content of water and inorganics. While for

the pure PLGA (100/0) hardly any change in mass was detectable even after six weeks (0.5%

mass loss at 42 days) the tricalcium phosphate doped PLGA composites degraded

significantly faster (Figure 3-3a) and the weight of samples 80/20 and 90/10 was reduced by

about 4% after 42 days. Doping of 30 % inorganic tricalcium phosphate filler (sample 70/30)

even resulted in the degradation of-7% of the composite mass. Pure PLGA was not prone to

pronounced swelling (water uptake around 2 % after 42 days) while the water uptake of doped
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PLGA increased gradually to 14 wt% for a composite with 30 wt% tricalcium phosphate

(Figure 3-3b). Obviously, the pure PLGA degraded very slowly while the incorporation of

amorphous tricalcium phosphate filler accelerated the degradation process. The higher water

uptake indicated the formation and later filling of pores generated during the degradation

process. One possible mechanism would involve such pores remaining from the degradation

of amorphous tricalcium phosphate to result in a larger polymer surface being exposed to the

surrounding liquid. The strongly increased exchange surface would favor the relatively slow

polymer degradation. Obviously, the deposition of hydroxyl-apatite was significantly slower

than the degradation of ATCP since the formation of deposits would contribute to the sample

mass. In order to test this hypothesis, we investigated the surface of degraded samples by

scanning electron microscopy (SEM) after sputtering with platinum for increased contrast.

3 7 21

Degradation time / days

1 3 7 21

Degradation time / days

Figure 3-3. Mass loss (a) and water absorption (b) of different PLGA/ATCP nanocomposites in

percent as afunction oj degradation time.
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3.3.4. Surface properties

Non-degraded, pure PLGA (Figure 3-4a) exhibited a very smooth surface with virtually no

visual changes even after immersion in SBF for 42 days (Figure 3-4b). Doping of iricalcium

phosphate into the PLGA resulted in a minor surface roughness for sample 90/10 (Figure 3-

4c) before immersion. The surface topography was substantially altered for samples

containing 30wt% of ATCP (Figure 3-4e): After degradation for 6 weeks, samples exhibited

clearly observable surface features (Figure 3-4d and f). This superficial roughening could now

be attributed to either formation of hydroxyapatite crystals or the exposure of agglomerated

ATCP nanoparticles as a result of degradation of polymer.

Figure 3-4. Surface morphology of PLGA/ATCP nanocomposites before (top) and after

degradation for 42 days (bottom) in SBF. Undoped PLGA (a, b) showed a smooth surface

with no visual detectable changes after degradation. Low-doped sample 90/10 (c, d) and

especially high-doped sample 70/30 (e, f) inherently exhibited a roughened surface. After

degradation those samples showed a clearly distinct patterned surface which can be

attributed either to degradation ofthe polymer and/or to hydroxyapatite deposition.

3.3.5. Thermal analysis

Differential scanning calorimetry (DSC) of samples before degradation (Figure 3-5) revealed

the amorphous state of the polymer through a pronounced exothermic peak at the glass

transition temperature Tg of the PLGA. Incorporation of particles had no influence on the

thermal properties of the composites in the investigated temperature range. After degradation,
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samples still exhibited an amorphous structure since no melting could be detected. Since the

endothermic DSC signal is proportional to the polymer mass in the sample, the much lower

DSC signal of sample 70/30 after 6 weeks of degradation corroborated a larger polymer loss

for doped PLGA, A corresponding blind experiment ruled out the influence of the solvent

casting.
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Figure 3-5. Differential scanning calorimetry ofPLGA/ATCP nanocomposites before (a) and

after (b) degradation for 42 days revealed the amorphous state of the polymer. The

endothermic event at around 110 °C may be attributed to desorbing water.

Thermo-gravimetric analysis further allowed the determination of content of inorganic

filler and deposits in the sample during degradation by selectively burning off the organic

polymer at around 600 °C (Figure 3-6a). An increase of the inorganic content could either be

attributed to the resorption/loss of polymeric matrix or to the formation of hydroxyapatite on

the surface of the sample. Starting from 29.1% inorganics in sample 70/30 before degradation,

the inorganics content linearly increased over degradation time to 45.6 wt% after six weeks of
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immersion in SBF. In contrast, the pure PLGA polymer contained less than 3 wt% inorganics

before or after degradation and did not show a statistically significant change in inorganics

content. These results strongly suggest that the incorporation of ATCP at up to 30 wt% clearly

enhanced the resorption of PLGA in vitro and promoted the deposition of minerals on the

composite surface.
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Figure 3-6. Inorganic content (a) of PLGA (open triangles) and PLGA/ATCP composites

(closed symbols) over degradation time as detected by thermo-gravimetric analysis. X-ray

powder diffraction patterns (b) ofas-extracted and sintered residual ofsample 80/20 after 42

days ofimmersion in SBF.

3.3.6. Surface composition of PLGA/ATCP composites

In order to further investigate the properties of the inorganic deposits, the surface composition

of samples before and after degradation was followed by Raman spectroscopy (Figure 3-7) as

iggested by Notingher et al. [34]. Spectra of as-prepared PLGA/ATCP samples beforesu
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degradation (Figure 3-8) revealed increasing absorption bands of ATCP for increasing

calcium phosphate content and corroborated the presence of TCP in the material. The broad,

intense absorption of PO43" bands from ATCP disappeared after one day of immersion

indicating the fast dissolution of calcium phosphate from regions at the vicinity of the film

surface. These findings ruled out the previous stated hypothesis of ATCP exposure by

degradation of PLGA. Strong absorption bands at 3000 cm"' (VasymmetrieCtb), 2944 cm'1

(VsymmetricCtb and vasynimi:lricCH2), 2881 cm"1 (vCH) and 870 cm"1 (vCC) could be attributed to

amorphous PLGA [35-37] and were detected throughout the whole in vitro study (Figure 3-8).

—i—i—•—i—i—>—>—i—i—•—i—i—.—i—i—i i—i—.—>—i—.—i—i—i—i—i—i—i—>—>—i—i

1200 1000 800 600 400 1S00 1000 800 000 400

Wavenumber / cm"' Wavenumber / cm"1

Figure 3-7. Raman spectra ofpure PLGA and PLGA/'ATCP nanocomposites after degradation for 3

days (a), 7 days (b), 21 days (c), and 42 days (d). Distinct peaks at 960 cm'1 characteristic for

hydroxyapatite (HAp) were observedfor ATCP containing samples. The ratio ofthe polymer-specific

signal (P, 870 cm'1) to the HAp signal (960 cm'1) strongly increased with filler content and

degradation time.

The ability of a biomaterial to induce or assist the formation of novel bone material on

an implant surface, i.e. its osteoconductive properties, can be estimated by the in vitro

formation of hydroxyapatite on the implant surface [38-40]. Raman spectra of hydroxyapatite
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(HAp) are characterized by a pronounced absorption peak at 960 cm"1 corresponding to the P-

O symmetric vibration of the PO43" groups [41, 42]. After immersion in SBF for 3 days

(Figure 3-7a), small absorption bands at 960 cm"1 were present in ATCP containing samples

(samples 90/10 and 70/30), indicating the presence of hydroxyapatite. These peaks

continuously grew with degradation time while for the pure PLGA ( 100/0), no absorption was

observed over the investigated period of time (Figure 3-7b, c, d).

4000 3000 2000 1000 4000 3000 2000 1000

Wavenumber/crrr1 Wavenumber / crtr1

Figure 3-8. Raman spectra ofpure PLGA and PLGA/ATCP nanocomposites after degradation for 3

days (a), 7 days (b), 21 days (c), and 42 days (d). Distinct peaks at 960 cm'1 characteristic for

hydroxyapatite (HAp) were observedfor ATCP containing samples. The ratio ofthe polymer-specific

signal (P, 870 cm'1) to the HAp signal (960 cm'1) strongly increased with filler content and

degradation time.

The composition of the inorganic material was further investigated by X-ray powder

diffraction (XRD). XRD pattern (Figure 3-6b) of the as-extracted residual of degraded sample

80/20 showed distinct peaks characteristic for hydroxyapatite with most pronounced intensity

at 2theta equal 31.8° [43]. Using the Scherrer equation, a crystallite size of approximately 10
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nm could be determined. Similar values are found for natural bone material [44]. After

sintering at 900 °C a second set of peaks could be assigned to ß-TCP (2theta equal 31°) [45].

The formation of ß-TCP was attributed to the crystallization of remaining ATCP in the

nanocomposite at temperatures around 900 °C and stays in agreement with earlier studies

[29].

3.4. Conclusions

The use of a similar manufacturing method as for industrially used silica polymer fillers

allowed the production of highly agglomerated amorphous tricalcium phosphate

nanoparticles. The aerosol derived degradable filler could readily be incorporated into PLGA

polymer films by solvent casting. Doping with up to 30wt% of filler increased the elastic

modulus by about 30% while the ductility decreased. The composite material showed a

strongly enhanced polymer degradation rate if compared to the pure, undoped PLGA

polymer. While for pure PLGA no hydroxyapatite formation was observed during

degradation, tricalcium phosphate filled polymers showed deposition of small, 10 nm sized

hydroxyapatite crystals on the surface of the composite. This indicates improved

osteoconductive properties of PLGA doped with aerosol derived ATCP. The fast degradation

and the superior bioactivity make these nanocomposites a promising material for application

in orthopedic medicine.
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Abstract

The present study evaluates the in vitro biocompatibility of an electrospun, flexible, and

cotton wool-like poly(lactide-co-glycolide) (PLGA)/amorphous tricalcium phosphate (ATCP)

nanocompositc. A cell culture study with human mesenchymal stem cells (hMSC) allowed

assessing the application of the material for potential use as a bone graft. ATCP powder was

prepared by flame spray synthesis and exhibited a particles size between 20-80 nm. Scaffolds

with nanoparticle loadings ranging from 0 to 40% (w/w) were prepared by electrospinning of

a PLGA-bascd composite. Three different scaffolds containing no ATCP (reference) and two

samples with 40% (w/w) ATCP in PLGA (as-prepared and pre-immersed in SBF for 15

hours) were seeded with hMSC. Proliferation and osteogenic differentiation was assessed by

incubating cells in osteogenic medium for 4 weeks. Proper adhesion and an unaffected

morphology of the cells were observed by confocal laser scanning microscopy (CLSM) for all

samples. Fluorometric quantification of dsDNA and analysis of alkaline phosphatase (ALP)

activity revealed no significant difference between the three scaffolds tested and excluded any

acute cytotoxic effects of the nanoparticles. The osteocalcin content for all scaffolds was 0.12

to 0.19 ng per ng DNA confirming osteogenic differentiation of human mesenchymal stem

cells on these flexible bone implants.

Part of this chapter is submitted to the J. Biomed. Res. Part B and has been applied for as a

PCT patent application (PCT/CH2006/000589).
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4.1. Introduction

The world-wide demographic shift to an increasingly older population has been estimated to

result in over 500'000 bone graft substitutions annually performed in the United States [1]

alone. Most fractures and bone defects are currently repaired using auto- and allografts but

often suffer from donor-site morbidity, insufficient availability, risk of disease-transfer, and a

potential negative immune response. Alternatively, synthetic products [2-4] can be used as

bone substitute materials and are predominately derived from ceramic materials such as

hydroxyapatite (HAp) [5] or tricalcium phosphate (TCP) [6], since natural bone mineral

consists of about 70wt% carbonated hydroxyapatite [7]. Considerable osteoconductivity [8, 9]

and the ability to serve as a precursor to bone apatite formation [10, 11] have resulted in a

broad clinical use of such ceramics in spite of brittleness, incompressibility and difficulty in

shaping [12, 13] during surgery. For applications requiring soft and shapeable implants, bone

cements are currently used for their easy application by injection [14-16], The resorption

capacity, however, is often limited by their chemical composition or hindered accessibility in

the resulting dense, hardened material. A possible way to overcome the brittleness of pure

ceramic biomaterials is the use of polymers as a continuous phase in composites or in a pure

form. Among biocompatible and bioresorbable polymers, poly(lactide-co-glycolide) (PLGA)

has attracted significant attention for its application in drug delivery [17, 18], soft tissue

engineering [19], nerve regeneration [20] and orthopaedics [21],

The concept of combining the ductility of a polymer and the bioactivity of calcium

phosphates, most preferably in a nanoparticulate form, has already resulted in numerous

investigations on such composite materials: Ambrosio et al. [22] and Khan et al. [23] have

developed a method to in-situ form amorphous calcium phosphate in PLGA microspheres by

a modified emulsion/solvent evaporation technique. The composite microspheres could be

subsequently sintered to a porous 3D-scaffold. Most recently, a study on PLGA/nano-HAp

composite scaffolds produced by a simultaneous gas forming and particulate leaching method

claimed an enhancement of bone regeneration in vivo [24]. The in vitro biodégradation of

PLGA films doped with amorphous tricalcium phosphate nanoparticles most recently

revealed a strongly enhanced hydroxyapatite deposition and an up to eight fold accelerated

polymer degradation [25]. Mechanical properties may also be strongly increased by the

incorporation of nanomaterials as shown in a recent study on biphasic calcium phosphate
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nanocomposite, porous scaffolds [26]. The use of titania/PLGA nanocomposite films has

recently shown enhanced osteoblast functions corroborating the importance of nanometre

surface features that mimic natural bone [27, 28].

Electrospinning is a most suitable tool for the preparation of open structured, highly

accessible networks of polymer fibres [18, 29-31] for application in reinforcement, filtration,

medical prostheses engineering, wound dressings and tissue engineering [18]. In order to

combine the most advantageous properties of nanostructured composites and the morphology

of electrospun biomaterials, the present study investigates the use of aerosol derived

amorphous tricalcium phosphate (ATCP) nanoparticles [32-34] and PLGA for the preparation

of non-woven composite fibres by electrospinning [35]. Amorphous calcium phosphate has

been postulated as a precursor of hydroxyapatite formation [36, 37] and exhibits an increased

solubility attributed to its high enthalpy of formation. In vitro biodégradation experiments of

the nanocomposites and cell culture tests with human mesenchymal stem cells (hMSC)

allowed to access bioactivity and performance in osteogenic differentiation.

4.2. Materials and Methods

4.2.1. Preparation ofATCP particles

Amorphous tricalcium phosphate nanoparticles (ATCP, chemical formula: Ca3(P04)2) were

prepared by flame spray pyrolysis [38] using calcium hydroxide (Riedel de Haen, Ph. Eur.)

dissolved in 2-ethylhexanoic acid (Soctech, Rumania) and tributyl phosphate (97%, Aldrich)

as precursors [32, 33]. The liquid mixture was diluted with xylene (2:1 vol/vol) and fed

through a capillary (diameter 0.4 mm) into a methane/oxygen flame at a rate of 5 ml min"1.

Oxygen (5 L min"1, 99.8%, Pan Gas) was used to disperse the liquid leaving the capillary and

resulted in a burning spray of about 10 cm height [33]. A more detailed view on the

nanoparticle formation may be found in [39]. The as-formed particles (production rate: 8 g h'

') were collected on a glass fibre filter (Whatmann GF/A, 25.7 cm diameter), placed on a

cylinder mounted above the flame, by the aid of a vacuum pump (Busch Seco SV 1040 C).



68 4.2. Materials and Methods

4.2.2. Particle characterization

The specific surface area (SSA) of the ATCP powder was measured by nitrogen adsorption at

77 K (Tristar, Micromeritics) according to the Brunauer-Emmett-Teller (BET) method after

outgassing at 150 °C for lh. The primary particle diameter was calculated according to dBET =

6/(pATcp-SSA) assuming spherical particles. Hydrodynamic particle size distributions were

measured on an X-ray disc centrifuge (BI-XDC, Brookhaven Instruments) [40, 41] using 1.5

% (wt/vol) of powder in absolute ethanol (Fluka) and the mean particle diameter was denoted

as dxRD. Prior to analysis the powder was dispersed by ultrasonication (UP400S, 24 kHz,

Hielscher GmbH) at 200 W for 5 min. The average number of primary particles per aggregate

(np) was roughly estimated [41] using the fractal scaling relationship (np = [dc/dp]D) applying

dBFT as primary particle diameter (dp), dxDc as collision diameter (àL) and a constant fractal

dimension (D) of 1.8 consistent with theory for nanoparticle formation in flames [42]. For

Fourier transform infrared (FTTR) spectroscopy, 1% (w/w) of powder was mixed with KBr

(Fluka, puriss) and examined on a Tensor 27 spectrometer (Bruker Optics, 4000 cm"1 < X <

400 cm'1, 16 scans, 4 cm"1 resolution) equipped with a diffusive reflectance accessory

(DiffusIR, Pike Technologies). Transmission electron microscopy (TEM) images were

recorded on a CM30 ST (Philips, LaB6 cathode, operated at 300 kV, point resolution ~4 Â).

Particles were deposited onto a carbon foil supported on a copper grid.

4.2.3. Scaffold preparation

Clinically approved poly(lactide-co-glycolide) (PLGA) with a copolymer ratio of 85:15

(Resomer® Sample MD Type RG) was purchased from Boehringer Ingelheim with a weight

and number average molecular weight of 380'300 g mol"1 and 18T900 g mol"1, respectively.

Randomly oriented PLGA/ATCP fibres were fabricated in different weight ratios (100/0,

90/10, 80/20 and 60/40) by an electrospinning process [30, 43]. Each electrospinning solution

was prepared with a concentration of 8% (w/w) PLGA in chloroform (Riedel de Haen, Ph.

Eur.) containing 5% (w/w) Tween20 (Fluka, Ph. Eur.) referred to the polymer. For the

preparation of the electrospinning solution, corresponding amounts of ATCP nanoparticles

were first dispersed in a chloroform/Tween20 parent solution using an ultrasonic processor

(UP400S, 24 kHz, Hielscher GmbH) at 320 W for 5 min applying pulsed intervals to allow

for relaxation of the particles. PLGA was subsequently added and dissolved for 15 h by

magnetic stirring. The viscosity of the resulting mixture was measured with a rheometer
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(Rheometric Scientific, cone plate 50 mm, shear rate 10-100 s"1). Electrospinning was done

feeding the solutions through a capillary (inner diameter 1.0 mm) using a syringe pump

(Seringue, Bioblock Scientific). The feeding rate was set to 2 ml h"1 for PLGA/ATCP 60/40

and 4 ml h"1 for all other solutions. A high voltage supply (Glassman High Voltage) was used

to apply voltages of 20 kV to the needle tip which was kept in a chloroform/air stream (1 1

min"') by a concentrically mounted sheath tube [44], A positively charged jet was formed

from the Taylor cone and was sprayed onto a rotating (130 rpm) collection tube covered by

aluminium foil. The distance between the needle tip and the collection tube (diameter 8 cm)

was kept at 10 cm for PLGA/TCP 60/40 and 20 cm for all other samples. The as-spun

scaffolds were dried and stored under vacuum at room temperature.

4.2.4. Scaffold characterization

The morphology of the electrospun fibres was characterized using scanning electron

microscopy (SEM; Hitachi S-900) at a voltage of 3 kV after sputtering the samples with

platinum (4 nm, Bal-Tec SCD 050). The porosities of the scaffolds were calculated according

to c = (V,ot-VSOiid)/Vioi, whereas the total volume (Vtot) was determined from the base area of the

sample and its thickness as measured by SEM. The solid volume (Vsond) is given by the

sample mass and its density. X-ray diffraction (XRD) patterns were collected on a Stoe

STAD1-P2 (Ge monochromator, CuKal, PSD detector). Mechanical properties were obtained

by tensile tests on an Instron 4411 (lnstron Co.). In order to study the wettability of pure

PLGA and PLGA/ATCP composite materials, films with a thickness of 100 urn were

prepared by solvent casting from the electrospinning solution and the contact angle was

measured (Goniometer, ramé-hart inc).

4.2.5. Cell culture

Total human bone marrow (25 cm3, Clonetics, Santa Rosa, CA) from one donor was

processed and diluted in 100 ml of isolation medium (5% FBS in RPMI 1640 medium). Cells

were separated by density gradient centrifugation. Briefly, 20 ml aliquots of bone marrow

suspension were overlaid onto 15 ml of a polysucrose gradient (d = 1077 g cm"3, Histopaque,

Sigma, St. Louis, MO) and centrifuged at 800g for 30 min at room temperature. The cell layer

was carefully removed, washed in 10 ml isolation medium, pelleted and contaminating red

blood cells were lysed in 5ml of RBC lysis buffer (Gentra Systems, Minneapolis, MN)



70 4.2. Materials and Methods

solution. Cells were pelleted and suspended in expansion medium (DMEM, 10% FBS, 1 ng

ml"1 bFGF) and seeded in 75 cm2 flasks at a density of 5><104 cells cm'2. The adherent cells

were allowed to reach approximately 80% confluence (12-17 days for the first passage). Cells

were trypsinized, replated and passage 2 (P2) cells (80% confluence after 6-8 days), were

used for the experiments.

Scaffolds (n=4) were placed in 12 well culture plastic polystyrene (TPP AG,

Trasadingen, Switzerland) and fixed with sterile polycarbonate rings. Osteogenic medium

(DMEM 10% FBS, Pen-Strep, Fungizone, 50 ug ml"' ascorbic acid-2-phosphate, 100 nM

dexamethasone and 7 mM ß-glycerolphosphate) was used for all scaffold samples. As a

control non-osteogenic medium (without ascorbic acid-2-phosphate, dexamethasone and ß-

glycerolphosphate) was used in tissue culture plastic wells and polycarbonate rings were

placed for consistency. Cells were suspended in corresponding medium (osteogenic or non-

osteogenic) at a concentration of 3xl05 cells ml'1 and 2 ml aliquots of the corresponding

suspension (6*105 cells) were seeded into each well (corresponding to a initial seeding

density of 2*105 cells cm2). Seeded scaffolds were incubated at 37 °C and 5% C02.

Osteogenic or non-osteogenic medium was changed three times a week for a period of 4

weeks.

4.2.6. Confocal laser scanning microscopy

Prior to confocal microscopy, scaffolds were rinsed twice with PBS and fixed in 4%

paraformaldehyde solution for 15 min at 37°C. Subsequently, samples were extracted in 0.5%

Triton-X 100 for 3 min followed by blocking non-specific binding with 3% bovine serum

albumin for 30 min at RT. Cells were incubated with phalloidine 488 in 0.1 % bovine serum

albumin/PBS for 30 min followed by incubation with 4',6-diamidino-2-phenylindole (DAPT)

for 15 min at RT. After a washing step cells were fixed again (4% paraformaldehyde) and

confocal micrographs were recorded on a Axiovert 35 fluorescence microscope (Karl Zeiss

AG, Germany) equipped with a AxioCam MRc 5 camera (Karl Zeiss AG, Germany) using

Openlab imaging.
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4.2.7. Alkaline phosphatase activity, osteocalcin and DNA content

For all analyses, scaffolds were collected after 4 weeks and disintegrated in 0.2% Triton X-

100, 5mM MgCl2 solution using steel balls and a MinibeadBeater (Biospec, Bartlesville,

OK) performing 3 cycles at 25 kHz for 10 s per cycle. Cells incubated on tissue culture plastic

in non-osteogenic medium were lysed in the wells (n=4). Alkaline phosphatase (ALP) activity

was investigated directly after sample collection using a biochemical assay from Sigma (St.

Louis, MO), based on conversion of/7-nitrophenyl phosphate (pNPP) to p-nitrophenol. The

reaction was stopped after 5 minutes using 0.2 M NaOH. For both DNA and osteocalcin

analyses all samples were additionally pre-treated with 10% (w/w) EDTA solution (pH=8) for

2h on a bench shaker at RT. The DNA content was measured using the PicoGreen assay

(Molecular Probes, Eugene, OR), according to the protocol of the manufacturer. Samples

were measured fluorometrically at an excitation wavelength of 480 nm and an emission

wavelength of 520 nm. Osteocalcin was determined by an immunoenzymetric ELISA assay

(Demeditec Diagnostics GmbH, Germany) following the manufacturer's protocol. Samples

were examined spectrophotometrically at 405 nm.

4.2.8. Statistical analysis

For biochemical analyses, a total of four samples (n=4) were examined and expressed as

average ± standard deviation of the mean. Statistical significance was evaluated by Student's

t-test.

4.3. Results

4.3.1. Amorphous tricalcium phosphate nanoparticles

Production of ATCP particles by flame spray synthesis yielded spherical, amorphous and

highly agglomerated tricalcium phosphate nanoparticles of 20-50 nm diameter as observed by

transmission electron microscopy (TEM, Figure 4-la). The as-prepared ATCP exhibited a

specific surface area of 78 (±3%) m2 g_l resulting in a calculated primary particle diameter

(dBFT) of 25 nm assuming spherical particles. X-ray disc centrifugation revealed an unimodal

size distribution with a mean particle diameter (dxDc) of 40 nm (Figure 4-lb). The average

number of primary particles per aggregate (np) was therefore calculated to 2.4. X-ray powder
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diffraction (XRD) showed no distinct pattern for the as-prepared powder indicating its

amorphous structure. The broad unspecific peaks in the FTIR spectrum (Figure 4-2)

corroborated the amorphous state of the material. After sintering (900 °C, 30 min) distinct

absorption bands characteristic for ß-TCP [45] were observed in agreement with earlier

studies [25J. FTIR absorption around 1400-1500 cm
' indicate the presence of minute amounts

of carbonate in the as-prepared material. Since the absorption peaks at 1215 cm 'to 1140 cm ',

at 727 and 496 cm
'
are absent, we can exclude the presence of calcium pyrophosphate, a

major impurity in commercial TCP.

Figure 4-1. Particle characteristics and cotton wool-like appearance (a) Transmission electron

micrograph of as-prepared ATCP (b) Corresponding hvdrodvnamic particle size distribution of

ATCP measured bv X-rav disc ccntrifugation d) Photograph of as-electrospun PLGA/ATCP scaffold

proi essed info a cotton wool-like hiomatcrial

4.3.2. PLGA/ATCP nanocomposite scaffolds

Scaffolds consisting of pure PIXiA and up to 40% (w/w) ATCP were prepared by electrospinning. Ihe

as-electrospun scaffold was manually uncompressed into a cotton wool-like biomatenal (figure 4-lc).

1 ests with post-processed scaffolds to fill simulated sockets or defects with hindeied accessibility will

be discussed al a later stage of this work. SFM micrographs (Figure 4-3a, c) of the as-spun materials
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showed homogeneous three-dimensional fibrous meshes for both pure PLGA and PLGA/ATCP

scaffolds with an overall thickness of about 250 uxn. The scaffold predominately consisted of fibres

within a diameter range of 5-10 um and porosities of 90±3 %. The surface of the pure, non-degraded

polymer fibres was smooth (Figure 4-3b) compared to ATCP nanoparticle containing fibres which

clearly revealed an increased roughness (Figure 4-3d). The small features in the submicron range arose

from incorporated agglomerates of nanoparticles exposed to the surface resulting in a strongly

increased exchange area.

en

c

CD
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wavenumbers / cm"1

Figure 4-2. Fourier transform Infrared spectra of as-prepared amorphous tricalcium phosphate

nanoparticles produced by flame synthesis and the distinct peaks characteristic for ß~TCP after

crystallization by calcination.

Incorporation of particles had a major influence on the scaffold precursor and therefore the

synthesis parameters. The viscosity of the PLGA/ATCP 60/40 electrospinning solution measured at

shear rates between 10 s"1 and 100 s"1 was 2-3 times higher compared to the other electrospinning

solutions (Figure 4-4). To avoid drop formation at the capillary tip the feeding rate for PLGA/ATCP

60/40 was adjusted to lower values (2 ml h"1 instead of 4 ml h"' for all other samples) which would

theoretically result in thinner fibres. The lower feed rate was compensated by decreasing the distance

between the needle and the collection tube (from 20 cm to 10 cm) in order to obtain consistent scaffold

properties without undesired morphology changes [30]. Contact angle measurements on the films

prepared from the electrospinning solutions showed that the wettability of the pure PLGA (contact

angle: 76±1°) was significantly lower compared to the PLGA/ATCP 60/40 nanoeomposite (contact

angle: 52±7°). This fact was reflected by the facilitated soaking of the particle-containing scaffolds in

SBF if compared to the reference (PLGA/ATCP 100/0).

sintered at 900°C

as-prepared

. i—/Ar
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Figure 4-3. Scanning electron microscop\ images of as elcctiospun scaffolds PLGA/ATCP 100/0

(a) o\ir\icw and (h) close up PI GA/ATCP 60/40 (c) fihies and (d) fihic sulfate Mi uc tin e
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Figure 4-4. Viscosities of the diffeient PLGA/ATCP clectrospiniiing solutions as a function of the
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4.3.3. Simulation of bone defect repair

The application ofthe present cotton-wool like composite was evaluated using simulated bone

defect sites with hindered accessibility as it might exist in practical surgical situations (Figure

4-5). Defects with different opening diameters oB (3-8 mm) and depths 1B (5-40 mm) could be

completely filled with the prepared cotton wool-like material within less than one minute. No

prc-shaping of the defect or implant material preparation were required. Additionally, the

implant material may be removed in one piece in case of misplacement or unprcdictcd

complications. The packing density can be estimated in advance by the weight ofthe applied

materia] and the void volume to fill.

0„ [mm]

P
__

CD

Figure 4-5. Simulation of a bone defect site with hindered accessibility Defects with different

opening diameters o/s and depths lH c oidd rapidly be filled completely with the prepared c otton wool¬

like material.

4.3.4. Proliferation and osteogenic differentiation ofhMSC

For an evaluation of biocompatibility, proliferation and osteogenic differentiation, three

different scaffolds were seeded with mesenchymal stem cells and incubated in osteogenic

medium (ascorbic acid-2-phosphate, ß-glycerolphosphate, dexamethasone). Pure PLCA 100/0

and 40% (w/w) ATCP in PLGA (sample 60/40) as prepared or pre-incubated in SBF for 15 h

(sample 60/40 SBF) were investigated. A SBF-prctrcatcd sample was chosen to avoid a

possible calcium ion burst when the cell suspension is put in contact with the relatively

soluble ATCP at the surface of the scaffold. Control experiments were conducted on tissue

culture plastic in non-osteogenic medium. Confocal fluorescence microscopy ofthe scaffolds

after 4 weeks did not reveal any significant difference in cell adhesion or cell morphology
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(Figure 4-6a) for the three different scaffolds. On all three samples, cells reached confluence

by the time tested and adhered normally to the fibres, building a 10 um thick cellular layer.

Statistically significantly (pO.0001) higher amounts of double-stranded DNA (dsDNA) were

present in all scaffold samples incubated in osteogenic medium as compared to non-

osteogenic tissue culture plastic samples (Figure 4-6b). All three scaffolds showed a

remarkable similarity in proliferation after 4 weeks of incubation.

Osteogenic differentiation was assessed by two biochemical assays to analyze the

alkaline phosphatase activity and osteocalcin content. Both parameters were normalized by

the DNA content measured by the PicoCireen assay (Figure 4-6b) to account for the different

number of cells.
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contiot medium i o^teoyenir medium

Figure 4-6. Cell morphology' and proliferation after 4 weeks scaffold immersion (a) CLSM of

sample PLGA/ATCP 60/40. Stained cell nucleus (blue) and the actin skeleton (green) of cells which

adhere to the scaffold (indicated in red) (h) The dsDNA content of scaffolds m osteogenic medium

showed a large significantly significant difference to the control in non-osteogenie medium (*

p' 0 0001)

No statistically significant difference among the samples was observed for ALP

activity (Figure 4-7) although pure PLGA 100/0 showed the highest average value followed

by the SBF-treated nanocomposite. Both, the control and the as-prepared PLGA/ATCP 60/40

exhibited a very similar ALP activity. The difference of osteocalcin content (Figure 4-7) for

all scaffolds was statistically highly significant (pO.0001) if compared to the control.

Osteocalcin contents of the control were all within the error of measurement. Pure PLGA and
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SBF-treated PLGA/ATCP showed no statistically significant difference whereas the

osteocalcin content of PLGA was significantly increased as compared to as-prepared

PLGA/ATCP using a confidence interval of 95 % (p<0.05).
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Figure 4-7. Osteogenic differentiation ofhMSC after 4 weeks: No significant (p<0,05) difference of

ALP activity could be detectedfor all samples normalized with DNA content. The osteocalcin content

was significantly (p<0.0001) increased for all scaffolds under osteogenic conditions. Only sample

PLGA/ATCP 60/40 showed a lower osteocalcin content compared to the pure PLGA 100/0 (*

p<0.0001 compared to the control, **p<0.05).

4.4. Discussion

Several most recent studies have corroborated the trend of using polymer/calcium phosphate

composites for regeneration of bone defects [22-24, 46-48]. These materials combine

beneficial properties such as elasticity of the polymer with the stability and bioactivity of the

calcium phosphate ceramic. Today, they are applied in granular form or as solid blocks. In

this study a new, flexible, compressible nanocomposite was evaluated in terms of bioactivity

and biocompatibility. Its typical cotton wool-like appearance (Figure 4-lc) may facilitate
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rapid application by the surgeon and allow for complete defect filling as well as proper

removal or adjustment of misfit implant material (Figure 4-5).

The use of amorphous tricalcium phosphate (ATCP) nanoparticles has arisen from its

postulated important role in the formation of hydroxyapatite and from its enhanced solubility

compared to crystalline phases of TCP such as ß-TCP. The thermodynamically most active,

amorphous, nanoparticulate form of TCP has most recently become readily available by flame

spray synthesis (Figure 4-la, b). Non-woven scaffolds prepared by electrospinning resulted in

homogeneous distribution of up to 40% (w/w) ATCP nanoparticles in a PLGA matrix (Figure

4-3).

Biocompatibility and osteogenic differentiation. Two different nanocomposites, as-

prepared 40% (w/w) ATCP in PLGA (60/40) and SBF pre-immersed (15 hours) PLGA/ATCP

(60/40 SBF), were compared to reference PLGA in terms of in vitro biocompatibility and

osteogenic differentiation. Scaffolds were seeded with human MSC and cultured in

osteogenic medium without any supplementation of BMP-2 using standard composition [49].

The detection of normal cell morphology and nearly identical proliferation after 4 weeks on

all three scaffolds (Figure 4-6) indicated an in vitro biocompatibility comparable to pure

PLGA. A previous study with MSTO and 3T3 cells at ATCP nanoparticle concentrations up

to 15 ppm (mass based parts per million) resulted in similar cell viability than nano-sized

titania [50] and corroborated its in vitro biocompatibility. The significantly (pO.0001) lower

DNA content of the control may be attributed to the surface texture or the decreased space

available if compared to the scaffolds. ALP activity combined with osteocalcin content at

time point 4 weeks allowed to discuss osteogenic differentiation of human MSC. Increased

ALP levels are predominately observed at the maturation phase of the cell matrix [51, 52]

although ALP on its own is not a completely reliable marker for bone formation [53]. A

comparison of ALP activities (Figure 4-7) revealed no significantly distinguishable results

between the non-osteogenic control and the scaffolds in osteogenic medium. Therefore

osteocalcin, which is among the most specific markers for osteoblast maturation [54] was

quantified using an ELISA assay (Figure 4-7). No osteocalcin was detected for the control

sample which corroborated the strong influence on osteogenic differentiation of the medium.

Scaffold samples cultured under investigated conditions showed significant (pO.0001) higher

osteocalcin levels but were generally in the same range.
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4.5. Conclusions

Non-woven PLGA scaffolds with up to 40% (w/w) of aerosol-derived amorphous tricalcium

phosphate nanoparticles were prepared by electrospinning. Human mesenchymal stem cells

seeded on nanocomposite scaffolds showed no morphological changes and the in vitro

proliferation was unaffected if compared to pure PLGA scaffolds. The osteogenic

differentiation as expressed by ALP activity and osteocalcin content was comparable to pure

PLGA scaffolds. The cotton-wool like compressibility and flexibility of the electrospun, high-

mineral content biomaterial suggests applications of such materials for non-load bearing,

complex shaped bone defects.
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5. Homogeneous, catalytic absorption of ethene by a

modified Wacker process incorporated into a polymeric

coating

Abstract

The present study investigates the ethene absorption capacity of a polymeric film material

with a homogeneously incorporated modified Wacker catalyst (Catalytica process). An

aqueous solution of poly(styrenesulfonic acid) and a catalytic system consisting of palladium

chloride (catalyst) and a heteropolyanion (co-catalyst), more specifically Na3H3PMo9V304n,

were solution-coated on a polyester carrier film and dried at ambient conditions. Different

"catalyst to co-catalyst" ratios where evaluated for their performance in conversion of low

ethene concentration (100 ppm) over an extended time period of three weeks and totally six

loadings of 100 ppm ethene in synthetic air. The palladium content in the coating was kept

constant at 5 mg/m2. The ethene conversion was determined by gas chromatography using a

flame ionization detector (GC-FID) and followed for up to 200 hours. While initially the

catalytic films reached ethene levels of <5 ppm within one day the activity drastically

decreased after 3 weeks and six ethene loadings, where levels of <5ppm ethene were observed

after about 5 days. The "catalyst to co-catalyst" ratio had only minor influence on the activity.

Further an active coating was additionally covered with a polystyrene protection coating to

prevent subsequent migration of the catalyst. The protected film converted roughly 50 ppm of

ethene after 25 hours and three quarter of the initial C2H4 concentration were absorbed after

60 hours. The high conversion rate suggests the use of such films for the packaging of ethene-

sensitive fresh produce such as fruits, vegetables, or cut flowers.

Part of this chapter has been applied for as a PCT patent application (PCT/CH2007/000141).
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Effect ofethene: Control on the ripening process of fresh cut fruit, vegetables and flowers is a

major issue when dealing with the time it takes from the harvest to the consumption implying

distribution and storage at the distributor, seller and customer. Ethene is a key player in the

growing process of many fruit, vegetables and flowers. More specifically, ethene accelerates

respiration which results in maturity and senescence, softening and ripening of plants. It is

therefore considered as a phytohonnone being effective at parts-per-million to parts-per-

billion concentrations [1, 2]. It has been observed that accumulation ofethene can even cause

yellowing of green vegetables (e.g. broccoli) or specific post-harvest disorders leading to a

quality loss and shortened shelf-life. Controlling the ethene concentration or its influence on

the plant growth is crucial in today's quality management of any plant dealing industry. There

are two major concepts to avoid ethene related ripening and senescence which will be

elucidated in the following.

Ethene receptor blocking: Much research has focused on the blocking of ethene

receptors in plants which would substantially slow down or stop the ripening process [3, 4].

The use of 1-methylcyclopropene (1-MCP) [5, 6] and its derivatives [7] is today

commercially applied mostly to prolong the shelf-life of apple fruits in large storage rooms

[8]. While this method shows great potential in centralized product storage it is limited in

terms of application on the customer level. Further limitations of the process include possible

genotoxic impurities, such as monohaloalkenes [9], the poor binding to the receptor and hence

low efficiency at low temperatures [3], and the uncertainty regarding ethene recovery after 1-

MCP treatment [10] since the blocking of the receptors seems to be irreversible.

Prevention of accumulation of ethene: Another approach is to avoid accumulation of

plant-released ethene by either passive or active methods. Where "passive" means that no

chemical reaction is involved in the ethene removing process. All passive solutions once in

use are limited in terms of ethene adsorbing capacity and hence are inactive after a certain

time period or an unusual burst ofethene until desorption mostly done by heating.
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5.1.1. Passive methods

Passive removal can be achieved either simply by sufficient ventilation or by introducing an

adsorbing material. Latter might be in the form of sachets or incorporated into the packaging

material. Most of existing investigations imply zeolites either of hydrophobic [11, 12] or

hydrophilic [13] character. Incorporation of the zeolites and other inorganic materials (e.g.

Ohya stone, cristobalite, ornioptilolite) in plastics ([14], realized in WO8900960) allows the

use of the materials for packaging of ethene-sensitive produce. The problems associated with

the zeolite approach are manifold: Hydrophilic zeolites loose their adsorption capacity with

increasing humidity and even release already adsorbed ethene in case of water condensation

in produce packs [15]. Further the adsorption isotherms at relevant ethene concentrations (e.g.

100 ppm) are rather poor which highly increases the amount of material needed. In addition

the packaging materials containing zeolites have a hazy appearance attributed to scattering of

the micrometer particles, which negatively affects consumer acceptance.

Other commercial applications in the form of packaging films use earth-type

scavengers such as ground coral (US5084337), crysburite ceramic [16], Japanese Oya stone

(Evert-Fresh bags, Evert-Fresh Corporation) or mixtures of minerals (US4847145). Apart of

being not transparent, the claimed ethene adsorption capacity generally relies on shelf-life

experiments and often lacks relevant experimental data. It is believed that the putative

adsorption is in fact the result of an enhanced permeability of the mineral containing plastics.

5.1.2. Active methods

Active removal of ethene implies a chemical reaction and can be subdivided into two

processes. The first method describing a non-catalytic reaction is inactive after the reagent is

consumed whereas the second process involves a catalytic absorption of ethene.

Non-catalytic methods: The most predominant non-catalytic approach for the removal

of ethene is using oxidizing agents (e.g. potassium permanganate KMn04). The permanganate

is generally immobilized on any of several minerals (e.g. zeolites, silica and titania) having a

high surface area ([17], US5314852, WO0154496, WO0130658, US5955004, W09523517,

US5075117). The products are available in the form of sachets for packages, blankets that can

be placed in produce-holding rooms, and polymeric films or paper board with incorporated or

entrapped activated minerals all showing an extension of shelf-life for different fresh produce
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[18]. A further consumptive approach uses a compound having a hydrosilyl group and a

hydrosilylation catalyst selected from group VTT1 metals which is carried on a porous

inorganic material (EP0635219). In this case ethene reacts with the hydrosilyl group via

hydrosilylation and therefore is limited to the amount of hydrosilyl groups present. Another

solution for non-catalytic absorptions is composed of electron-deficient dienes or trienes (e.g.

tetrazine) in an ethene-permeable, hydrophobic, polymeric substrate in the form of a film

([19], realized in W09104292, WO2004076545, US5334623).

Catalytic methods: Commercial ethene scrubbers [Isocell Italia SPA] are available for

fruit cool stores which transport the ethene containing air from the storage room to a heated

reaction zone (~270°C) using a supported platinum catalyst for the oxidation
.
Another

possibility might be the sorption of ethene at room temperature (or at lower temperatures)

followed by desorption and catalytic oxidation at higher temperatures. However such indirect

oxidation processes include transportation of contaminated air or sorption material and a

separated heating step, which is energy consuming. Further these methods are reasonable for

large storage rooms of distributors but would be difficult to implement on the level of the

seller (storage area or vending shelf) or even the consumer. For the latter it would be most

convenient to directly oxidize the ethene at the vicinity of the ethene-sensitive product for

example by the packaging material. The concept of active packaging implies that the catalyst

is active at storage temperatures which normally range from 0°C to room temperature.

Unfortunately most of the reactions (i.e. oxidation of VOC) under discussion occur above

200°C [20]. Only little is reported on catalysts active at temperatures below 50°C [20-22].

One catalytic approach is based on the use of an alcohol extract from plants,

particularly raw bamboo, which may be used for the manufacturing of wrapping or packaging

material (US20040210099). The authors assume that the enzyme ethene monooxygenase is

responsible for the ethene absorption activity of the extract. Two investigations disclose

palladium compounds, in particular palladium (II) chloride deposited on carbon black

(US5015282) or activated carbon (US5436067). Latter covers also the process to fabricate a

sheet consisting of a synthetic binder and PdCl2/carbon for the use in low temperature

removal of ethene. However the catalytic property of both materials is not fully clarified since

it has been observed that palladium salts oxidize ethene to acetaldehyde while being reduced

to Pd° [23, 24]. The reoxidation of Pd° to Pd" without a co-catalyst is unlikely to happen.
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Moreover the experiments lack relevant reference data and sheets containing carbon materials

are not transparent but have a deep black appearance. The reoxidation of metallic Pd can be

achieved including a co-catalyst. A heterogeneous approach was investigated making use of

H2PdCl4 adsorbed on A1203 or Ti02 pre-coated with V205, which was active at mild

conditions (1 atm, 293-353 K) [25].

Present industrial oxidation of ethene relies on the use of CuCl2 as reoxidation catalyst

specific for the Wacker process [26, 27]. In conventional Wacker processes with palladium

salt and CuCl2 high chlorine concentrations are needed which favors the formation of

chlorinated byproducts. An alternative process had been proposed using palladium salt and

heteropolyacids comprising vanadium (W09113853, W09113854) to circumvent this

drawback. These investigations cover exclusively reactions of olefins in catalytic aqueous

solutions at elevated olefin partial pressures.

5.2. Materials and Methods

5.2.1. Catalytic solution and film preparation

Catalytic solutions with different Pd" concentrations were obtained by dissolving

corresponding amounts of PdCl2 (99.9%, ABCR Chemicals) in a 0.3 M Na.^PMoçV^Cuo

aqueous solution prepared following the procedure outlined in patent WO 91/13681. For film

preparation the palladium content was chosen constant such that a palladium to dry polymer

weight ratio of 2.5 x 10"4 was obtained. Corresponding amounts of catalytic solution were

added to 5.0 g of poly(styrenesulfonic acid) solution (PSSA, 18wt% in H20, Sigma-Aldrich)

and mixed thoroughly. The weight ratio of the heteropolyanion to dry PSSA (HPA/PSSA)

was 0.12, 0.25, and 0.49, respectively. The resulting mixture was coated using an automatic

film applicator (ZAA 2300, Zehntner GmbH) equipped with a 50 urn doctor roller and dried

at room temperature. An amorphous PET film (40 um) was used as a substrate. A film

containing no catalytic solution was prepared from the PSSA solution and used as a reference.

In one follow-up experiment the catalytic coating (HPA/PSSA=0.25) was

subsequently coated with a 10 urn polystyrene (BASF) film from a 20wt% solution in

toluene.
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5.2.2. Characterization methods

Ethene absorption experiments were done in closed 500 ml Erlenmeyer flasks at room

temperature 23°C and 1 aim. In a first set of experiments the catalytic properties of the system

palladium chloride / heteropolyanion (HPA, namely NasR^PMoçV^Cv) was investigated. 10

ml of the catalytic solution with different palladium concentrations (0, 0.1, 0.25, 2.5 niM

PdCl2) and 0.3 M Na3H3PMo<)V304o was tested for the conversion of 1000 ppm ethene (>99%,

Fluka) in synthetic air. The solution was stirred at 1000 rpm with a magnetic stirrer to

minimize mass transfer limitation.

In a second set of experiments, the coated films (0.9 g PSSA, ca. 400 cm2) were put in

500 ml Erlenmeyer flasks, sealed with a septum and flushed for 4 minutes at a flow of 5000

ml/min with 100 ppm ethene in synthetic air (PanGas). In a typical experiment a set of

catalytic films were tested together with the reference. For all ethene conversion experiments

gas samples were withdrawn at specific time point with a gas-tight 500 u.1 syringe. First the

syringe was flushed one time with the sample gas mixture and afterwards 100 ul were injected

into a GC-FTD (TraceGC, ThermoQuest) equipped with a wide bore capillary column

(PoraPLOT Q, Chrompack). The split ratio was set to 25 and the carrier gas flow was kept

constant at 10 ml/min applying isothermal oven conditions (40 °C). Observed chromatograms

all showed one distinct peak which could be attributed to ethene using a standard ethene

sample (>99%, Fluka). Ethene concentration is expressed as the peak area.

5.3. Results and Discussions

5.3.1. Activity of the aqueous catalytic solution

The catalytic performance of the system was first investigated in aqueous solutions. A

relatively high concentration of ethene (1000 ppm) was chosen as to evaluate the turnover of

palladium. Turnover meaning the number of cycles palladium has been reduced to Pd° and

reoxidized to the active Pd". The oxidation of ethene to acetaldehyde

C2//4 + Y202^ CH3CHO (5.1.)

in our case can be subdivided into three reactions [28]:
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Oxidation ofethene and reduction ofPd" to Pd"

C2HA\ H20\ Pd"Cl„l2~"* -> CH3CHOi Pd° + 2/T + nCÏ (5.2)

Reoxidation ofPd0 to Pd" and reduction of[W] to [Vv]

Pd°+ 2/r + nCr + 2\vv]^ Pd"Clnl2'"}' + 2\v'v}+ 2W (5.3)

Reoxidation of[Vv] to [V7]

l\vlv\+ 2W + Y202^ 2\vv\\ H20 . (5.4)

The conversion of ethene for 2.5 and 0.5 mM Pd proceeds very similar (Figure 5-1)

leading to a reduction of ethene concentration <10 ppm after about 20 hours. This indicates

that the rate determining step is either the reoxidation of Pd" (Eq. 5.3) or of [VIV] (Eq. 5.4) or

most likely of all we encounter mass transfer limitation. For 0.1 mM Pd the reaction clearly

slows down and a ethene concentration of <10 ppm is reached after about 45 hours.

Limitation due to mass transfer for this conditions can therefore be excluded and one of the

reactions Eq. 5.2 to 5.4 is rate determining. Although the solution without palladium chloride

is active a reduction to <10 ppm ethene was not reached within the time tested and a final

concentration of around 250 ppm was observed after 48 hours. Assuming first order kinetics

for the overall reaction the rate constant [h1] can be calculated (Table 5-1) by linear fitting of

the data when -1n(cEthene-co,Ethene) is plotted against time (Figure 5-2), where CEthene is the ethene

concentration at a specific time and c0,Fthene is the initial ethene concentration. In the case of

0.1 mM Pd the palladium has done 21 cycles indicating its catalytic activity in the oxidation

of ethene.
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20 40

time / h

Figure 5-1. Ethene concentration as afunction oftimefor different aqueous catalytic solutions. The

palladium chloride concentration has been variedfrom 0 to 2.5 mMand the co-catalyst concentration

was held at 0.3 M.

O

O

c

0.3 M Na3H3PMo9V3O40 noPdCl2
0.1 mM PdCL

turnover Pd: 0.8

time / h

Figure 5-2. Logarithmic plot of the normalized ethene concentration versus time. Linear regression

was used for data fitting assuming first order kinetics. The reaction rate constant is given as the

corresponding slope ofthe linearfitting line.
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Table 5-1 Calculated reaction rate constants assumingfirst order kinetics.

Sample PdCU concentration / |mMl Reaction rate constant / [h"'l

no PdCl2

0.3 M Na^PMosVjOw

O.lmMPdCh

0.3 M NajHsPMo-MO«,

0.5 mM PdCli

0.3 M Na3H1PMo.V104o

2.5 mM PdCU

0.3 M Na1H1PMo9V304o

0 0.031

0.1 0.095

0.5 0.302

2.5 0.400

5.3.2. Activity of the film material

Addition of the different catalytic solutions (PdCl2/Na3H3PMo9V304o) to an aqueous

poly(styrenesulfonic acid) solution resulted in stable homogeneous mixtures. This mixtures

were applied on a carrier film using a doctor blade coater. After ambient curing smooth,

translucent polymer films of deep yellow color resulted. The reference film was prepared

from the pure aqueous PSSA solution and showed high translucence and a slightly yellow

color. PSSA was used to maintain acidic conditions needed for optimal activity [28]. In a first

run of 100 ppm ethene loading all three films with different HPA content but the same

palladium loading (5 mg/m2) showed similar reactivity (Figure 5-3). Although the film with

the highest HPA concentration (HPA/PSSA=0.49) clearly exhibits the best performance.

After 25 hours the ethene concentration reached values below of around 8 ppm, 4 ppm and 3

ppm for HPA/PSSA= 0.12, 0.25, and 0.49, respectively. For the reference film the

concentration was still in the range of 90 ppm. It has to be noted that approximately 2 (jmol of

ethene was initially present in the flask which corresponds roughly to the amount of Pd

present in the 400 cm2 film. Therefore, theoretically, the catalytic activity of the film would

not have been proofed. A second run (100 ppm ethene) was conducted after 25 hours and the

reaction was followed until <10 ppm ethene was reached.
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weight ratio

HPA/PSSA [-]

— — 0.00; pure PSSA

—•—0.49

—A—0.25

—0.12

time / h

Figure 5-3. Ethene content as afunction oftimefor afirst loading ofthe reaction flask with JOOppm

ethene andfor poly(styrenesulfonic acid) (PSSA) films containing catalytic solutions with 5 mg Pd/m*

and different heteropolyanion (HPA; specifically Na^H^PMogV3O4Q) concentrations.

The third loading 4 days after the first run clearly showed a decreased activity if

compared to the first run and the concentration fell below 10 ppm for all catalytic films after

43 hours (Figure 5-4). This observation allows for the exclusion of a diffusion limiting step.

Again the film with the highest HPA concentration (HPA/PSSA=0.49) performed best with

around 3 ppm followed by HPA/PSSA=0.25 with ~4 ppm and HPA/PSSA=0.12 with ~7 ppm

at 46 hours. The trend of better performance of high HPA/PSSA concentrated films is

especially pronounced at a later stage of the reaction at time points >20 hours. Up to this point

the palladium has been reactivated at least twice.
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0 20 40

time / h

Figure 5-4. Third loading ofthe reaction flask with 100 ppm ethene after 4 days offirst experiment.

The catalytic activity of the films decreased and concentrations below 10 ppm are observed after 45

hours.

After 3 weeks the performance was measured in a sixth ethene loading where a further

decrease of the activity was observed (Figure 5-5). At 130 hours after filling the ethene

concentration was in the range of 2-3 ppm for all catalytic films and even fall below 1 ppm

when measured after about 200 hours. At this time the reference sample still contained about

60 ppm ethene. The steady ethene decrease might be attributed to diffusion through the

septum or minute activity of the PSSA. The continuous drop in activity for the repeated runs

clearly indicates that the rate limiting step can be attributed to the chemical reaction and

further that a change of the catalytic system occurs. In the first run, theoretically, all ethene

might have been reacted without the need of reoxidation of Pd° since similar amounts of

ethene and palladium(ll) are present in the experiment. But since the high loaded HPA films

performed better both either the reoxidation of Pd° (Eq. 5.3) or the oxidation of [V1V] to [Vv]

(Eq. 5.4) might play the key role. A further significant decrease in activity for the sixth run

compared to the third indicates that the catalytic system in the present formulation is not
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stable. One possible explanation is the poisoning effect sulfur (in PSSA) might have on the

palladium catalyst.

after 3 weeks

time / h

Figure 5-5. Third loading ofthe reaction flask with 100 ppm ethene after 4 days offirst experiment.

The catalytic activity of the films decreased and concentrations below 10 ppm are observed after 45

hours.

In a follow-up experiment an active film (HPA/PSSA=0.25) was subsequently

covered by a polystyrene protection coating as to prevent migration of the catalyst to the

packaged product. In a first run with 100 ppm ethene the protected film clearly showed a

decreased activity if compared to the unprotected active coating (Figure 5-6). Half of the

initial ethene concentration was converted after 25 hours and a quarter was left after around

60 hours which is comparable to the activity of the six times loaded unprotected films (Figure

5-5). There are two possible effects which might influence the activity of a protected film.

First the ethene has to diffuse through the protective coating in this case polystyrene before it

comes into contact with the active film material. Second the material of the protective cover

either in its wet form or as a dry coating influences the catalyst in the layer underneath. In our

case the toluene might have negatively affected the catalyst system especially the palladium

component and therefore diminished the activity.
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CD

CD
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1st run (100 ppm ethene)

5mg Pd/m2

weight ratio HPA/PSSA=0.25

-a- PS cover ca. 10 |im

-a- w/o PS cover

20 30 40 50 60

time / h

Figure 5-6. Comparison ofa catalyticfilm with and without a JO/im polystyrene (PS) cover coating.

Weight ratio ofheteropolyanion (HPA) to polymer is held at 0.25,

5.4. Conclusions

A modified Wacker process consisting of an aqueous solution of palladium (II) chloride and a

heteropolyanion (phosphomolybdovanadate, Na3H3PMo9Vi04o) was successfully incorporated

into a poly(styrenesulfonic acid) film. The solution-coated, translucent coatings with different

Na3H3PMo9V304o concentrations and constant PdCl2 loading (5 mg/m2, constraint for price)

were investigated for the homogeneous catalytic oxidation of ethene at concentrations <100

ppm at room temperature and ambient pressure. While the initial 95% conversion of ethene

was observed after 25 hours the activity drastically decreased after six loadings of 100 ppm

ethene over a time period of three weeks. At that time the catalytic films was still able to

reach a level of <5 ppm C2H4 within 130 hours. The performance decrease over time could be

attributed to an unstable catalyst system in the poly(styrenesulfonic acid) matrix.

An active film covered with a polystyrene coating showed a 50% conversion after 25

hours. The application of a protective polystyrene coating onto the active film material avoids
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migration of the catalyst system to the packaged product. The present active film material

suggests the use for packaging of ethene-sensitive fresh produce such as fruits, vegetables and

flowers.
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6. Silver-doped tricalcium phosphate nanoparticles as

highly efficient antimicrobial agents in hydrophobic

polymers

Abstract

Silver-doped tricalcium phosphate (Ag-TCP) with silver contents ranging from lwt% to

10wt% and silver-doped silica (Ag-Si02) containing lwt% and 5wt% silver were prepared by

flame spray synthesis. The characteristics of the powders were compared to pure tricalcium

phosphate and currently used antimicrobial agents. The morphology and the phase

composition of the powders was accessed by electron microscopy, nitrogen adsorption, X-ray

disc centrifugation and X-ray powder diffraction. While all flame-made powders and one

reference material were composed of a nanoparticulate support carrying finely dispersed, <10

nm metallic silver particles the most widely used commercial material consisted of large, >1

jim particles containing no detectable amounts of metallic silver.

As to access the antimicrobial efficacy of a hydrophobic polymer by ASTM E2149-01

and ASTM E2180-01 the materials were incorporated into a silicone elastomer film. All films

containing 20wt% of flame-made Ag-TCP showed a 4- to 6-log reduction of Gram-negative

E.coli in both tests. Films containing flame-made Ag-SiC»2 showed only a 2- to 4-log

reduction and were at least 10 fold less efficient as corresponding films with Ag-TCP. In a

direct comparison of Ag-TCP films and both commercial products the efficiency of the

phosphate containing carrier clearly excelled by a factor of 100 to 1000. The Ag-TCP film

further exhibited high efficacy (4-log to 6-log reduction) against P.aeruginosa and

C.albicans. The exceptional antimicrobial activity of Ag-TCP films suggest the use of such

materials for the coating of surfaces in sanitary and hospital facilities and for the packaging of

food and pharmaceuticals.

Part of this chapter has been applied for as a PCT patent application.
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6.1. Introduction

Silver has been used for decades as a disinfectant predominately in the form of ionic silver

solutions (e.g. AgN03 solution). Although the activity of silver is not fully understood it

enjoys a widespread application in different forms (ionic and metallic) and physical

appearance (in solution or as a solid).

6.1.1. Release systems using ionic silver

Present commercial systems (US4938958) apply an antibiotic resin comprising 0.05-80wt%

of ion-exchanged (e.g. silver ions) zeolites. In WO0030697 an antibiotic coating is described,

comprising a hydrophilic polymer with dispersed antibiotic ceramic particles such as ion-

exchanged zeolites, hydroxyapatite, and zirconium phosphate. Sugiura A. et al. (US5296238)

and Ohsumi S. et al. (US5441717) have investigated micro-biocides composed of a phosphate

salt of a tetravalent metal element, specifically Zr, Ti, and Sn, which carries effective amounts

of antibacterial, antifungal or antialgal ions such as Ag, Cu, Zn, and the like. Silver containing

hydroxyapatite materials were evaluated by Sakuma S. et al. (US5009898) as an antimicrobial

powder comprising hydroxyapatite containing absorbed silver ions. Barry J. E. and Trogolo J

A (WO0018577) have done investigations on a high-pressure laminate with antimicrobial

properties attributed to inorganic antibiotic particles such as silver-exchanged zeolites,

hydroxyapatite, zirconium phosphate, and/or silver salts. Terry R. (WOOl43788) investigated

a polymer containing silver salt colloids and its use as a medical device.

Delivering the silver from an ionic form is problematic in terms of its relatively fast

release and hence the danger of a burst of ionic silver which exceeds the cytotoxic threshold.

This is especially true for systems consisting of silver salts such as silver nitrate, silver

acetate, or the like. If the release is fast the duration of activity is limited. As a result the silver

content must be chosen high which unfortunately increases the risk of an undesired cytotoxic

effect of the material. The white color of most of the silver substituted materials has been

considered an advantage compared to the metallic rather grayish or brownish powders.

Unfortunately, if no so-called photo stabilizer is used many of the ionic delivery systems tend

to discolor and appear brownish upon exposure to light. This discoloration may take place at

the customer's resulting in disaffection with the product. Most of the above mentioned ionic

silver systems use a carrier which can be considered as persistent, meaning not degradable in
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a biologic environment (biodegradable) within a reasonable time. Biodegradable carriers

mentioned above include for example hydroxyapatite as described in US5009898.

6.1.2. Release systems using metallic silver

The release of silver ions from metallic silver is a slow process but sufficient in certain

circumstances to develop an antimicrobial activity. Using metallic silver allows for a virtually

never ending supply of silver ions although limited through its solubility a cytotoxic burst is

unlikely to happen in environments relevant to its later use. Without doubt, the release of

silver ions from metallic silver is strongly dependent on the surface of the metal and therefore

the size of the particles.

6.1.2.1. Materials having no carrier

Bechert T. and Steinbruecke P. (EP1621217) have developed an antimicrobial metallic silver

material with primary particle mean diameter between 10 to 100 nm and the incorporation of

the antimicrobial material in a polymer matrix. Wagener M. and Hartwig A. (WO03024494)

prepared an antimicrobial adhesive and coating material with metallic silver particles with

low (<5ppm) Ag, Na, and K ion content and a particle size below 100 nm, preferably in the

range of 5-50 nm. Both above mentioned work uses silver particles obtained by an inefficient

evaporation/condensation process in vacuum rendering the silver nanoparticles a costly

material.

6.1.2.2. Materials with inorganic carrier

Zeng F. Y. (CN1792508) has investigated an antimicrobial material comprising silver

nanoparticles deposited on Ti02, Si02, Zrü2 obtained by a sol-gel method. Baret G.

(WO2005120441) has done work on cerium oxide, yttrium oxide or calcium titanate with

dispersed silver sub-particles on the surface having a size between 20-200 nm and suggested

the use in cosmetics. Nonniger R. and Schichter M. (US2005182152) have used a material for

antimicrobial purposes with a core-shell structure, comprising an inorganic material having a

particle size <100 nm and the shell being formed by at least one substance having an

antimicrobial action (e.g. Ag, Cu). Cichos C. and Guggenbichler J. P. (WO2006092155) did

work on a material comprising 0.1%-50% metallic silver deposited on BaSC>4 or equivalent

inert material or micro cellulose for the external application in pharmaceutics or cosmetics.

Atsumi K. et al. (US5151122) have investigated a calcium containing phosphate, calcium
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carbonate, calcium silicate or zeolite with metallic silver, zinc, and/or copper by a wet

impregnation technique and subsequent high temperature treatment (>800°C) or reduction of

the precipitated metallic salt with hydrogen. Guggenbichler J. P. and Cichos C.

(WO2004024205) evaluated the treatment of a metallic colloid with a polymer or an inorganic

material composed of barium sulfate, calcium sulfate, strontium sulfate, titanium dioxide,

aluminum oxide, silica, zeolite, calcium fluoride, mica, talc, hydroxyapatite, kaolin and/or

micro cellulose with additional deposition of a soluble or slightly soluble salt of an

antimicrobial metal (such as silver, zinc, copper, cerium, zirconium, bismuth, platinum and/or

gold). Pratt A. S. and Smith P. R. (EP0190504) have done investigations on an antimicrobial

composition comprising an antimicrobial metal such as silver and a hydratable or hydrated

oxide component and its dispersion in a polymeric material.

Physical properties of the metallic particles: The use of metallic silver as a particle

alone or supported on an inorganic material allows for dispersion of the particulate material in

a polymeric substrate. A low water content of the particles is desired in case of dispersing

them in hydrophobic polymers or pre-polymers to obtain best possible results in terms of

dispersibility. Low water content is also advantageous in tenus of thermal post treatment of

the polymer which would result in the release of water vapor or bubble formation in the used

polymeric material. Most of the inorganic supports discussed above are obtained by a wet

chemistry process which generally entails large >10%(w/w) of water in the resulting

inorganic powder.

The use of metallic silver generally entails a darkening of the treated product.

However a subsequent discoloration at the customer's can be avoided.

The size of the metallic silver particles limits the dissolution and the release of ionic

silver. Therefore it is desired to have small particles of metallic silver present in the

antimicrobial material. Most discussed work describe antimicrobial materials with metallic

silver particle sizes above 5 nra (e.g. EP1621217, WO03024494, WO2005120441). However

present methods for the preparation of colloidal silver allow obtaining silver particles below 5

nm although this process is inefficient requiring large amounts of solvents and surfactants.

Using a carrier for the metallic nanoparticles has the advantage of keeping them

separated and the amount of active material (in this case silver) in a later polymeric

formulation can be easily adjusted. Dispersibility of the powder in the polymer or pre-
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polymer is also facilitated when using a support material. The size of the used support

material in many of the patented materials lies above 1 urn rendering the obtained

antimicrobial polymer opaque or at least limited in terms of transparency because of the

intense light scattering of particles >200 nm. A favored carrier therefore would have particle

sizes below 200 nm.

Ecological advantages of degradable supports. Most of the mentioned patents

describing inorganic/metallic silver materials use oxidic materials, sulfates, or persistent

phosphates such as Zr3(P04)4. The use of non-persistent support materials is ecologically

advantageous and furthermore minimizes the threat of the material to humans [1, 2]. To

obtain the best possible result in terms of transparency and dispersibility a nanoparticulate

form of the support material is desired. However it has been shown that nanoparticulate

materials enter cells and may have a toxic effect. In case of persistent materials the damage is

unsure and may not be evaluated within a reasonable time.

Active silver release on demand. As a matter of fact the growth of most unwanted

occurring microorganisms on the surface of commodity products is often nutrition limited.

Using a non-persistent support which provides nutrition ions such as phosphates but which

also carries a highly active antimicrobial (e.g. silver in a nanoparticulate form) could function

as a Trojan horse. Such a release-on-demand proceeds as follows: While the inorganic support

material at the vicinity of the surface of a polymeric coating or bulk material is slowly taken

up by a microorganism the deadly agent (in this case silver nanoparticles) would also be taken

up. The silver nanoparticles which crossed the wall of the microorganism now function as a

silver ion supply right at the most vulnerable location being most efficient. Silver

nanoparticles in the bulk material still release silver ions to the environment resulting in a

twofold attack to microorganisms in contact with the antimicrobial material.
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6.2. Materials and Methods

6.2.1. Polymeric coating preparation

Silver tricalcium phosphate nanoparticles (Ag-TCP) and silver silica (Ag-Si02) were

prepared by flame spray pyrolysis [6]. The silver precursor was obtained by dissolving silver

acetate in 2-ethylhexanoic acid (puriss. >99%, Fluka). Calcium hydroxide (Riedel de Haen,

Ph. Eur.) dissolved in 2-ethylhexanoic acid (puriss. >99%, Fluka) and tributyl phosphate

(puriss. >99%, Fluka) were used as calcium and phosphate sources, respectively [5, 7] while

hexamelhyldisiloxane (HMDSO, >98%, Lancaster Synthesis GmbH) was used as silica

precursor. The correspondingly mixed liquid was diluted to a final metal concentration of 0.75

M with toluene (puriss p.a., Ph. Eur., >99.7%, Riedel de Haen) and fed through a capillary

(diameter 0.4 mm) into a methane/oxygen flame at a rate of 5 ml min'. Oxygen (5 L min'1,

99.8%, Pan Gas) was used to disperse the liquid leaving the capillary and resulted in a

burning spray of about 10 cm height [5]. A more detailed view on the nanoparticle formation

may be found in [8].

The as-formed particles were collected on a glass fibre filter (Whatman GF/A, 25.7 cm

diameter), placed on a cylinder mounted above the flame, by the aid of a vacuum pump

(Busch Seco SV 1040 C). After removal of the product from the filter the particles where

sieved (450 urn mesh) and 1.0 g powder was dispersed in 16.0 g 2-propanol (Ph. Eur., Fluka).

Dispersion was done using an ultra sonic mini flow cell (Dmini, Hielscher, 5 bar water

pressure, power 250 W, frequency 24 kHz). The flow rate was adjusted with a peristaltic

pump (REGLO Digital MS-2/6, Tsmatec) to 2 ml/min. Subsequently, 4.0 g of a thermoplastic

silicone elastomer (Geniomer200, Wacker Silicone) was dissolved in the dispersion by

mixing at room temperature. The obtained mixture was applied (50 urn wet coating if not

otherwise stated) on a 36 um PET film using an automatic film applicator coater (ZAA 2300,

Zehntner Testing Instruments) equipped with a spiral doctor blade. The applied film was

cured at ambient condition resulting in a 10 urn thick, dry coating containing 20wt% of the

flame-made powder. In addition to in-house prepared powders two commercially available

products, namely HeiQ-Silver (HeiQ, Switzerland) and Ionpure40 (Ishizuka Glass Co. L.t.d.,

Japan), were also investigated. HeiQ-Silver is a flame-made nanoparticulate silver-doped

silica containing 25wt% silver, predominately in metallic form deposited on a silica matrix.

Tonpure40 consists of silver ions incorporated into a glass matrix with a particle size <4 um.
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In the case of HeiQ-Silver 0.2 g of powder were used with 4.0 g polymer as to keep the silver

content in the final coating at lwt%. For lonpure40 20wt% were used with 4.0 g polymer. The

dispersion and coating procedure was done as mentioned above.

6.2.2. Characterization methods

Hydrodynamic particle size distributions of the Ag-TCP powders were measured on an X-ray

disc centrifuge (BI-XDC, Brookhaven Instruments) [2, 9] using 3 % (wt/vol) of powder in

absolute ethanol (Fluka) and the mean particle diameter was denoted as dxw> Prior to analysis

the powder was dispersed by ultrasonication (UP400S, 24 kHz, Hielscher GmbH) at 200 W

for 5 min. To determine the silver content the powders were digested in concentrated nitric

acid and analyzed by flame atomic absorption spectrometry (AAS) on a Varian SpectrAA

220FS (slit width 0.5 nm, lamp current 4.0 mA) applying an air (13.5 L min1,

PanGas)/acetylene (2.1 L min1, PanGas) flame and measuring absorption at a wavelength of

328.1 nm. Transmission electron microscopy (TEM) images were recorded on a CM30 ST

(Philips, LaB6 cathode, operated at 300 kV, point resolution ~4 Â). Particles were deposited

onto a carbon foil supported on a copper grid. Scanning transmission electron microscopy

(STEM) images were obtained with a high-angle annular dark-field (HAADF) detector (Z

contrast). Silver particle size distribution were determined by measuring at least 300 particles

from scanning transmission electron microscopy images. Due to limiting resolution the

smallest particles detectable were ~lnm. X-ray powder diffraction (XRD) patterns were

recorded on a Stoe STADI-P2 (Ge monochromator, CuK0 radiation, PSD detector, step mode,

step si/.e of 0.3°, ambient conditions). Antimicrobial activity of powder and film samples was

determined by ASTM E2180-01 and ASTM E2149-01 at a temperature of 25°C. All values

for reduction of colony forming units per milliliter (CFU/ml) are based on the "bacteria only"

reference for powder samples and on the reference film (Geniomer200) for film samples.

Further the comparison to the corresponding reference has been determined at the given

contact time.
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6.3. Results and Discussion

6.3.1. Powder characteristics

Flame synthesis is known as a most versatile tool for the production of nanoparticulatc oxides

and metal salt materials. Such materials can easily be doped with noble metals in a single step

yielding support nanoparticles comprising finely dispersed noble metal. Synthesis of silver-

doped tricalcium phosphate materials nicely depicts the result of single-step doping in the

flame (Figure 6-1).

Figure 6-1. Transmission (a) and scanning transmission electron (b, c, d) images of pure

TCP (a), 1 Ag-TCP (b), 5 Ag-TCP (c), and 10 Ag-TCP (d) showing a primary particle size of

TCP in the range of 20-50 nm. Silver-doped samples (b. c, d) contain finely dispersed Ag

particles (bright spots) with a smallest diameter ofaround 2-4 nm. Increasing the content of

silver resulted in the formation oflarger Ag clusters with a size around 10 nm (d).
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While the pure tricalcium phosphate (TCP, Figure 6-la) showed no distinct electron

density gradients all silver-doped TCP samples (Figure 6-lb, c, d) carry small silver

nanoparticles (bright spots) which was verified by energy dispersive X-ray measurements. A

very dense, yet highly dispersed coverage with silver was observed for 5Ag-TCP (Figure 6-

1c). The increase to 10wt% silver (sample 10Ag-TCP) resulted in the formation of relatively

large Ag clusters with a size of >10 nm (Figure 6-1 d).

The primary particle size of the TCP ranging from 20-50 nm seems unaffected by the

incorporation of silver in the system. This observation by electron microscopy is in line with

the specific surface areas (Table 6-1) between 71.6 m2 g'1 and 78.0 m2 g"1 for pure TCP and

silver containing TCP (1 Ag-TCP to 10Ag-TCP). A comparison of the hydrodynamic diameter

between sample 1 Ag-TCP and 5Ag-TCP (Figure 6-2) further corroborates the similarity in

morphology. Both samples exhibited a particle size in the range of 15-200 nm resembling a

log-normal distribution as generally observed for flame-made powders.
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Figure 6-2. Hydrodynamic particle size distribution as determined by X-ray disc

centrifugation. Both samples (1 Ag-TCP and 5 Ag-TCP) exhibit a very similar log-normal

size distribution between 15-200 nm.
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Silver silica samples (lAg-SiC^ and 5Ag-Si02) show a very similar morphology

although the primary particle size of the carrier, silica, tends to lower values which can be

attributed to the higher melting point compared to TCP. An increase in melting point

generally entails a decreased sintering ability of the agglomerates in the hot region of the

flame and therefore yielding smaller primary particles and hence a higher specific surface area

(Table 6-1).

Table 6-1 Silver content as determined by atom absorption spectroscopy, specific surface

area measured by nitrogen adsorption and antimicrobial activity accessed by ASTM E2149-

01 using E.coli C43 (working bacterial concentration lx105 CFU/ml)

powder .
,,n, *h/2i

reduction after 2h compared to

,
Ag content'1 / wt% SSAbk /nrg1 r.0/

sample
° ~ test without particles / %

54.06TCP 0.004 78.0

lAg-TCP 0.92 71.6

2Ag-TCP 1.88 72.6

3Ag-TCP 2.82 75.5

5Ag-TCP 5.19 75.8

7.5Ag-TCP 8.21 74.7

10Ag-TCP 10.7 74.8

lAg-Si02 1.09 271

5Ag-Si02 4.33 357

HeiQ-Silver 18.0(25.0°)
110

lonpure40 1.88 0.50

99.98

"error ±10%
"

specific surface area, error ±3%
f

as specified by the manufacturer

Scanning transmission electron micrographs of silver-doped silica (Figure 6-3a, b)

depicted the very similar morphology to silver-doped TCP. Most of the silver particles (bright

spots) are present in a nanoparticulate form of <10 nm and deposited on the amorphous silica

matrix. Transmission electron microscopy of the flame-made HeiQ-Silver sample (Figure 6-

3c) revealed nanoparticulate silver on a silica carrier which underlined its origin (flame

synthesis). Silver particles of around 5 nm and smaller are finely dispersed on the silica

matrix and the high specific surface area of 110 m2 g'1 (Table 6-1) is in line with the primary

particle size of 20-50 nm as observed by TEM (Figure 6-3c). Ionpure40 (Figure 6-3d) showed

large particles and the absence of electron density gradients which corroborated the
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specification of the manufacturer (ionic silver). The small specific surface area ( Fable 6-1) of

0.5 rrr g
' further underlined the enormous difference in particle size to flame synthesized

powders.

Figure 6-3. Scanning transmission electron images of IAg-SiO_> (a) and 5Ag-SiOi (b)

prepared in-home hv flame synthesis tinelv dispersed silver nanoparticles are deposited on

the silica matrix Transmission electron images of HeiQ-Silvcr (c) depicted silver

nanoparticles in the range of 5 nm earned on silica particles The transmission electron

micrograph of lonpure40 (d) showed large, >1 pm particles and no indication of metallic

silver was observed
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Atom absorption spectroscopy confirmed the robustness of the flame process in terms

of silver content (Table 6-1). Except for sample 5Ag-Si02 all values were within the error of

measurement. This discrepancy for the silica sample might be attributed to the incomplete

dissolution of silica in nitric acid. Tt can be assumed that only silver which is not captured

within the silica matrix is included in the measurement. The dissolution of the HeiQ-Silver

sample also seemed to be insufficient since only 18wt% Ag were detected in our

measurements. Unfortunately, the manufacturer of Ionpure40 did not specify the glass

composition nor the silver content. Therefore the content of around 2wt% silver has to be

handled with care.

Silver particle size distribution. The silver particle number size distribution was

determined for flame-made Ag-TCP and Ag-Si02 (Figure 6-4). Most of the silver particles

exhibited a diameter of <10 nm for all samples. While the lwt% containing samples (1 Ag-

TCP and lAg-Si02) showed a very similar size distribution the powders with 5wt% silver

clearly revealed a trend to smaller particles for the TCP carrier. Most of the silver for 5Ag-

TCP was present as nanoparticles smaller than 2 nm.
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Figure 6-4. Counted relative number concentration of the silver particle size for Ag-TCP (1

Ag-TCP and 5 Ag-TCP) and Ag-Si02 powders (1 Ag-SiOj and 5Ag-Si02). For low (lwt%)

silver content the size of the silver particles are very similar whereas for high (5wt%) silver

content a shift to smaller particlesfor TCP was observed. The size ofthe silver particles stays

predominantly below 4 nmfor all samples.
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The size of the silver has a direct influence on the available silver surface and

therefore the solubility which further determines the antimicrobial activity. Hence small silver

particles excel over larger ones in term of silver ion release.

Support and silver phase composition. The phase composition of the powder was

investigated by X-ray powder diffraction to further elaborate the presence of silver (Figure 6-

5). For Ag-TCP samples no distinct silver peaks were observed for contents up to 5wt% silver

which is in line with the silver particle size distribution of Ag-TCP samples (Figure 6-4). TCP

samples containing 7.5wt% and 10wt% Ag clearly showed broad peaks specific for silver.

The trend to larger particles for a silica carrier compared to a TCP support (Figure 6-4) was

also observed by X-ray diffraction. Sample 5Ag-Si02 already had a distinct signal

characteristic for metallic silver. No peaks were observed for Tonpure40 which corroborated

the presence of ionic silver and the glassy matrix as specified by the manufacturer. The

commercial high loaded silver-silica, HeiQ-Silver, in contrast showed distinct metallic silver

peaks. Tt has to be noted that the signal of the HeiQ-Silver sample in Figure 6-5 was divided

by a factor of five. This observation indicated the presence of far larger >100 nm silver

particles than observed by TEM (Figure 6-3).

TCP

\ Ag Ag Ag Ag Ag

Figure 6-5. X-ray powder diffraction patterns of different flame-made Ag-TCP and Ag-SiO?

samples in comparison to commercially available HeiQ-Silver and Ionpure40.
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In a first antimicrobial test the activity of two flame-made particle samples (TCP and 5

Ag-TCP) was investigated by ASTM E2149-01 (Table 6-1) using a contact time of 2 hours

with E.coli C43 (working bacterial concentration lxlO^ CFU/ml). 5 mg of powder was

immersed in 8 ml of buffered working bacterial solution. The silver containing sample 5Ag-

TCP showed a strong, nearly 4-log reduction after only two hours of exposure to the material.

The pure TCP had only minor influence on the growth of the E.coli yielding half the CFU/ml

compared to the reference.

6.3.2. Film characteristics

Since transparency is a market-defining factor for packaging materials or coatings in general,

the UV-Vis spectra of different Ag-TCP films were recorded (Figure 6-6). Both 1 Ag-TCP and

5Ag-TCP films showed high transmission of >50% at wavelengths above 350 nm. Generally,

the transmission decreases for increased silver content. An increasingly brownish coloration is

observed optically by eye and also by UV-Vis measurements. This is expressed by the

evolution of a distinct peak around 440 nm for films with 7.5Ag-TCP and 1 OAg-TCP.
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Figure 6-6. UV-Vis spectra ofdifferent Ag-TCP containingfilms with a thickness of -10 jum

showing high transmission in the visible range.
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Antimicrobial properties. The same antimicrobial test as for the powders was

conducted with two films containing 20wt% of the powder applying a contact time of 26

hours (Table 6-2). An area of 6 cm2 film (corresponding to ~15 mg powder for 10 ^m

coatings) was immersed in 8 ml of working bacterial solution. The film containing 5Ag-TCP

powder showed a 6-log reduction which is exceptionally high for film materials. The film

containing TCP only had no significant influence on bacterial growth (reduction approx.

26%).

Table 6-2 Antimicrobial activity as determined by ASTM E2149-01 using E.coli C43

(working bacterial concentration 1 xlO6 CFU/ml)

~. .
reduction after 26 h compared to

' the reference film/ %

TCP film 25.99

5Ag-TCP film 99.99993

In a third set of experiments different coatings were tested for their efficiency against

E.coli, American Type Culture Collection (ATCC) No. 8739 with both testing methods

ASTM E2149-01 and E2180-01 (Table 6-3). For ASTM E2149-01 two contact time points of

2h and 24h were chosen as to access short and long term effects. The film containing only

TCP powder showed no change in bacteria concentration for both time points. The film

containing 5Ag-TCP showed nearly a 6-log reduction after 24h whereas at time point 2h the

reduction was not significantly changed. This suggests that the mechanism is not

instantaneous but rather proceeds via a slow and steady bacteria destruction keeping in mind

that for the reference film a 3-log CFU/ml increase was observed in the 24 hours experiment.

Hence, the antimicrobial material has not only to struggle with the initial bacteria but also has

to prevail over the bacteria's growth. For the static contact test ASTM E2180-01 the bacteria

concentration for film sample containing TCP increased by a factor of ten compared to the

reference. Again the addition of 5Ag-TCP to the film entailed a 5-log reduction.
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Table 6-3 Antimicrobial efficiency of differentfilms as determined by a dynamic contact test

(ASTM E2149-01) and a static testfor hydrophilic materials (ASTM E2180-01)

film sample

reduction / %

ASTM E2149-01, E.coli

ATCC 8739

reduction / %

ASTM E2180-01, E.coli

ATCC 8739

Contact time: 2h 24h 24h

TCP film

5Ag-TCP film

14.29

69.81

-4.55

99.9998

-977

99.998

Further investigation on film materials containing different Ag-TCP and Ag-Si02

samples were conducted by ASTM E2180-01. More specifically, E.coli (ATCC 8739) was

used and tested with films containing 1 to 10 wt% silver-doped TCP and 1 and 5 wt% silica

powders (Table 6-4). All silver-TCP films showed a significant activity resulting in a 3 to 6-

log reduction. There is no trend in quality of performance as a function of silver content in the

TCP powders. The high silver-loaded silica (5Ag-SiC>2) reduced the E.coli by a factor of

lO'OOO (4-log reduction). Only around a ten fold reduction was observed for lAg-Si02 films.

Although the morphology in terms of primary particle size and silver particle size of both

1 Ag-TCP and lAg-SiCb are very similar the antimicrobial performance of 1 Ag-TCP excels.

One possible explanation might be the better bioavailability of the silver in Ag-TCP powders.

While the silica matrix can not be affected by a biological environment the TCP support can

be degraded. In case of silica the activity would be limited to the mere solubility of the silver

particles. The high surface area of the finely dispersed silver nanoparticles enables reaching

effective silver ion concentrations despite the low solubility of silver in water. In case of a

non-persistent matrix (e.g. TCP) the microbes in the vicinity might also take up metal silver

by degradation or dissolution of the TCP support.

If such a Trojan horse effect takes place a further advantage of such a mechanism

might be the application of Ag-TCP in environments with high sulfur concentration. For

systems with persistent carriers, silver ions would be literally disposed while forming silver-

sulfur compounds such as silver sulfide which are even less water soluble than silver metal.

As a result the silver concentration would decrease to ineffective or insufficiently effective

concentrations.
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Table 6-4 Antimicrobial activity ofdifferentfilm materials against E.coli in ASTM E2I80-01.

reduction / %

film sample ASTM E2180-01, Ë.coli

ATCC 8739, 24h

log reduction / -

lAg-TCP film 99.993 4

2Ag-TCP film 99.9998 6

3Ag-TCP film 99.9998 6

5Ag-TCP film 99.998 5

7.5Ag-TCP film 99.9998 6

10Ag-TCP film 99.998 5

lAg-Si02-film 92 1

5Ag-Si02-film 99.990 4

In a further set of antimicrobial experiments films containing the commercial products

were compared to flame synthesized 5Ag-TCP (Table 6-5). The silver content in the coating

was set to lwt% for HeiQ-Silver and 5Ag-TCP samples where as Ionpure40 was incorporated

at a weight ratio of 20% in the film. The test was conducted in duplicate by ASTM E2180-01

using E.coli (ATCC 8739) and a working bacterial concentration of 3X106 CFU/ml. The

coating containing TCP were far more efficient as reflected by averaged 5-log reduction film

sample 5Ag-TCP. A maximal 2-log reduction was achieved by film sample HeiQ-Silver while

the lonpure40 film only reduced the bacteria up to 97%. The exceptionally high performance

of Ag-TCP could be either attributed to the smaller silver particle size or the phosphate

containing, degradable support material.

Table 6-5 Antimicrobial activity of commercially available agents compared to present

flame-made Ag-TCP against E.coli in ASTME2180-01.

reduction / %

ASTM L2180-01, E.coli ATCC 8739,
film sample 24h

1. experiment 2. experiment

HeiQ-Silver film (10 pm dry) 99.4 97.3

Ionpure40 film ( 10 urn dry) 97.1 94.3

5Ag-TCPfilm(10umdry) 99.998 99.9996

5Ag-TCP film (2 urn dry) 99.96 99.94
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In addition to the 10 um thick coatings a film having a thickness of only 2 |im

containing the same weight percentage of 5Ag-TCP (20wt% in dry film) was tested (Table 6-

5). The application of a thinner coating is interesting in terms of final cost of the film since the

amount of the antimicrobial agent is directly proportional to the coating thickness. The five

times thinner coating reduced E.coli by a factor of up to 2500 compared to a factor of around

1 OO'OOO for the thick coating. The total amount of antimicrobial agent present seemed to be a

very crucial parameter. Obviously, not only the surface located Ag-TCP plays an important

role but also the silver in the bulk of the polymeric coating has major influence on the

activity.

Efficacy against pathogenic microorganisms. The efficiency of the TCP containing

films was further investigated for different, commonly occurring microorganisms (Table 6-6).

The film containing 5Ag-TCP showed efficacy against P.aeruginosa and C.albicans with an

exceptional 6 to 7-log reduction and a 4-log reduction, respectively. Both microbes were not

influenced in contact with the TCP film (4% increase for P.aeruginosa and 18% reduction for

C.albicans). Again the role of the silver as the active, deadly agent is confirmed.

Table 6-6 Antimicrobial activity of Ag-TCP containing film materials against different

microorganisms. Gram-negative (P.aeruginosa), Gram-positive (S.aureus) bacteria as well

asfor a yeast-likefungi (C.albicans) andfungi spores (A.niger) were tested.

reduction / %
m.croorganism

ASTM E2180-01, 24h

TCP film 5Ag-TCP film

P.aeruginosa
ATCC 9027

S.aureus

ATCC 6538

C albicans

ATCC 10231

-4.00 99.99996

-50.25 64.00

A niger spores , ,

ATCC 16404

17.45 99.994

13.05

The Gram-positive S.aureus was not significantly reduced (64%) by the silver

containing film and only a slightly increased growth was observed for TCP films. A.niger in

spore from was not reduced to reasonable degrees by either of the films (36% reduction for

TCP film, 13% reduction for 5Ag-TCP film). So far, a high (3 to7-log reduction)

antimicrobial activity was observed for 5Ag-TCP containing films especially against Gram-
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negative bacteria (E.coli, P.aeruginosa) and a yeast-like fungus (Calbicans). Microbes with a

more robust defense mechanism such as Gram-positive S.aureus and the spore form of

A.niger were far less affected.

6.4. Conclusions

Flame spray synthesis of silver-doped tricalcium phosphate (Ag-TCP) and silver-doped silica

(Ag-Si02) resulted in nanoparticles composed of <10 nm metallic silver particles deposited on

the tricalcium phosphate or silica matrix, respectively. The incorporation of such materials in

a hydrophobic silicone polymer resulted in highly efficient antimicrobial coatings. The Ag-

TCP containing coatings excelled in efficacy against E.coli by a factor of 10-1000 compared

to polymer/Ag-Si02 films. A comparison to commercially available silver-silica (HeiQ-

Silver) and a silver ion containing glass powder (lonpure40) further revealed the

advantageous effect of Ag-TCP. HeiQ-Silver was 100-5000 less efficient against E.coli than

Ag-TCP and Ionpure40 was even excelled by a factor of 1000-5000. The unprecedented

efficacy of polymer/Ag-TCP coatings against E.coli might be attributed to the small silver

particle size and the phosphate containing, degradable support material. It is suggested that

the nutrition limiting bacteria might use TCP as a phosphate source but simultaneously taking

up deadly silver particles. In addition the polymer/Ag-TCP films also showed high efficacy

against Gram-negative P. aeruginosa and C. albicans. This observations suggest the use of Ag-

TCP as a highly efficient antimicrobial agent in polymeric coatings for the use in sanitary,

hospital facilities and the packaging of food and pharmaceuticals.
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7. Research Recommendations & Outlook

This work has provided a basis for the introduction of complex physical properties

derived from fluid dynamics and has shown how chemical functionality can be implemented

into existing polymer processing, especially polymer films.

7.1. Further application fields of micro-structured coatings

The availability of micro-structured coatings on a large scale opens possibilities for the use in

other technically most important applications. Further investigation could be done to evaluate

self-cleaning properties of such micro-patterned surfaces. It has been observed that micron-

sized patterning, if suitable, implies a self-cleaning effect [I, 2]. Further, the so-called lotus

effect [3-5] has been previously attributed to a combination of surface hydrophobicity and

geometric features in the nanometer and micrometer scale.

Investigations on the surface morphology of the present structured coatings by

confocal profilometry (CP) and atomic force microscopy (AFM) revealed not only the

presence of micro-sized structures (CP image, Figure 7-1) but also features in the nanometer

range (AFM image, Figure 7-2). These nano-features arise most likely from the incorporated

silica particles. More distinct nano-structuring could be achieved by the implementation of

larger amounts of silica or silica with altered morphology as commercially available. Care has

to be taken to keep similar rheological properties since structuring and preservation of the

structure during the roll coating process is determined by the polymer precursor rheology. The

self-cleaning properties of such modified coatings could be accessed by the measurement of

the water contact angle. A successful development of a self-cleaning coating would be most

relevant to industry. While current methods to introduce self-cleaning or superhydrophobic

surface properties are limited in terms of availability or cost of the materials the present

method would allow for low-cost large area production.
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Figure 7-2. Atomic force microscopy images of smooth teference poh(dimeth\lsilo\ane)

(lop) and nano-featured silica/poly(dimeth~\lsiloxane) composite (bottom)
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A second field of application for discussed micro-structured surfaces covers the

reduction of the coefficient of friction. Structures as observed for instance on the skin of a

shark reduce near wall drag forces and might result in a drag reduction of up to 9% [6-8]. The

readily available micro-structured films could be used for fluid dynamical experiments on

laboratory models or even on a large scale set-up.
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7.2. Flame-made calcium phosphates for the preparation of

polymeric nanocomposite biomaterials

The use of calcium phosphate nanoparticles in degradable polymers has proven very useful in

terms of biomineralization. Besides rigid film materials (chapter 3) or flexible cotton wool¬

like composites (chapter 4) other morphologies such as foams could be evaluated. The

versatility of the flame spray synthesis would also allow incorporating other physiological

cations, such as magnesium or zinc, into the calcium phosphate lattice. It has previously been

postulated that such materials may be able to induce bone formation [1,2].

The implantation of bone substitute materials often entails post-infections and

inflammations which inhibit the recovery or even give rise to a second surgery for removal of

the implant [3]. Such infections are very painful and costly for the patient. In dentistry, many

indications, such as a pocket after tooth extraction, require the regeneration of bone [4]. In

chapter 4 a cotton wool-like nanocomposite is discussed which might be used for such
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regeneration. The enhanced biomineralization could accelerate bone formation and therefore

shorten recovery time. However, the risk of an infection in oral operation sites is very high as

the wound is continuously subjected to the environment and bacterial contamination. Using a

silver-doped calcium phosphate in combination with a degradable polymer might be helpful

to tackle the demanding task.

The incorporation of silver-doped calcium phosphate nanoparticles in degradable

polymers would allow for a combination of biomineralization and antimicrobial efficacy.

Fine-tuning of silver content would help avoiding cytotoxic effects while still providing the

desired antimicrobial properties.
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a flame-made Rh/CeosZrosC^ catalyst accepted for publication in Appl. Catal. B-Environ.

8. Schneider O D, Loher S, Brunner T J, Uebersax L, Simonet M, Grass R N, Merkle H P and

Stark W J 2007 Cotton wool-like nanocomposite biomaterials: In vitro bioactivity and osteogenic
differentiation of human mesenchymal stem cells, accepted for publication in J. Biomed. Mater.

Res. Part B
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Patents

1. Stark W J, Pratsinis S E, Maciejewski M, Loher S and Baiker A 2005 Flame synthesis of metal

salt nanoparticles, in particular calcium and phosphate comprising nanoparticles patent
WO2005/087660 A1

2. Loher S and Stark W J 2005 Method for the application of a structured coating upon a smooth

surface PCT patent application
3. Stark W J, Schneider O D, Loher S, Brunner T J, Simonet M, Grass R N and Schmidlin P R

2006 Implant material PCT patent application
4. Loher S and Stark W J 2007 Catalytically active coatings for the absorption of gaseous

reactants PCT patent application
5. Loher S, Stark W J, Schneider O D and Bokorny S 2007 Antimicrobial material PCT patent

application

Education

PhD in Chemical- and Bioengineering, ETH Zurich, Switzerland

"Physical and chemical functionalization of polymers" advisor Prof. W.

J. Stark, 3 patents, 1 commercial product
Master of Science in Mechanical Engineering, ETH Zurich, Switzerland

Master thesis: Fluoroapatite and calcium phosphate nanoparticles by
flame synthesis, published in Chemistry of Materials, patent

application.
Semester theses:

Flame-made zirconia/silica nanoparticles and their catalytic

performance in glycol synthesis
Introduction and validation of a dynamic hydrogen reference

electrode in a direct methanol fuel cell

Major subjects:
Mechanical process engineering and particle technology
Renewable energies

Optional subjects: Accounting for Managers, Profitability and

Solvency I and II, Introduction in Spanish language and culture I,

Ecodesign

Teaching

Lecture „Chemical engineering", professorship W. J. Stark 2004-2005

• Teaching assistant, summer 2004 and 2005.

Supervised Master theses:

Oliver Schneider (Chemical engineering): Cotton wool-like

biomaterials

• Valentine Reboul (Chemistry, Paris): Bioactivity of degradable

polymers with ultra-fine calcium phosphate fillers

Supervised Semester theses:

Norman Luechinger (Materials science): Carbon/copper nanoparticles 10.06-11.06

and the application in conductive paints, nanofluids and in polymers
for the application in humidity sensing

Stephanie Streather (Chemical engineering): Influence of silica and 02.05

titania doped silica on mechanical properties of polyurethane

04.04 - 04.07

10.99-02.04

03.06-06.06

07.04-04.05
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Samuel Halim (Materials science): Nanoparticle synthesis of ceria 02.04-04.04

based oxides for fuel cell applications

Student supervision (scientific assistant)
Oliver Schneider (Chemical engineering): Electrospinning of 12.06-04.07

nanocomposites and polymer-based compositions with antimicrobial

effect

Norman Luechinger (Materials science): Carbon/copper nanoparticles 10.06-11.06

in swellable polymers
Roland Führer (Chemical engineering): Nanoporous polymers 04.06-07.06

Stephanie Streather (Chemical engineering): Titania/silica 03.05-06.05

nanoparticles in polar polymers
Matthias Huber (Chemical engineering): Flame synthesis of calcium 03.04-05.04

carbonate nanoparticles

Internships

Jansen AG, 9463 Oberriet, Switzerland: Basics of mechanical metal 11.99-12.99

processing

ETH Zurich, 8092 Zurich: Scientific assistant, Flame synthesis of 07.02-08.02

nanoparticles

National Technical University of Athens, Greece: „Experimental, numerical 09.02-10.02

and theoretical investigation on pressurized pulverized coal combustion"

Conference Presentations and Proceedings

1. Loher S. Brunner T J and Stark W J Fluoro-apatite and Calcium Phosphate Nanoparticles by
Flame Spray Synthesis (poster), Swiss Society for Biomedical Engineering Annual Meeting
2005, Sept 1-2, EPFL Lausanne.

2. Brunner T J. Loher S and Stark W J Fluoro-apatite and Calcium Phosphate Nanoparticles by
Flame Spray Synthesis (poster), 1st Empa PhD Symposium, 2005, Oct 20, Empa Dubendorf,
Switzerland

3. Loher S. Huber M and Stark W J Biodegradable, nanoparticulate polymer fillers, AlChE Annual

Meeting 2005, Oct 30 -Nov 4, Cincinnati, OH, USA

4. Brunner T J. Loher S and Stark W J Tricalcium Phosphate and Fluoroapatite Nanoparticles for

Medical Implants, AlChE Annual Meeting 2005, Oct 30 -Nov 4, Cincinnati, OH, USA

5. Brunner T J. Loher S and Stark W J Nanoparticulate Biomaterials by Flame Synthesis, GRIBOI-

16th Interdisciplinary Research Conference on Biomaterials 2006, March 16-18, Berne,
Switzerland

6. Loher S and Stark W J, Rapid production of micro-structured surfaces using a fluid dynamical
instability, 1st European Chemistry Congress, 2006, Aug. 27-31, Budapest, Hungary

7. Loher S and Stark W J, High-speed micro-pattering of polymer films driven by a fluid dynamical
instability (poster), SCS Fall Meeting 2006, Sept. 13, Zurich, Switzerland

8. Loher S and Stark W J, High-speed microstructuring of polymer films driven by a fluid dynamical

instability, AlChE Annual Meeting 2006, Nov. 12-17, San Francisco, CA, USA

9- Loher S. Schneider O D, Schmidlin P R and Stark W J, Electrospinning of novel tricalcium

phosphate /poly(lactide-co-glycolide) nanocomposites for repair of bone defects, AlChE Annual

Meeting 2006, San Francisco, Nov. 12-17, CA, USA
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10. Osterwalder N. Loner S, Grass R N, Brunner T J, Halim S C, Limbach L K and Stark W J,

Preparation of Nano-Gypsum from Anhydrite Nanoparticles: Strongly Increased Vickers

Hardness and Formation of Calcium Sulfate Nano-Needles, AlChE Annual Meeting 2006, San

Francisco, Nov. 12-17, CA, USA

11. Loher S. Maienfisch T, Grimm W, Bokorny S and Stark W J, High-speed micro-patterning of

polymer films driven by a fluid dynamical instability, Partec 2007, March 27-29, Nuremberg,

Germany
12. Brunner T J, Loher S, Grass R N and Stark W J, Nanoparticulate Biomaterials by Flame

Synthesis, Partec 2007, March 27-29, Nuremberg, Germany
13. Osterwalder N. Loher S, Grass R N, Brunner T J, Halim S C, Limbach L K and Stark W J,

Preparation ofNano-Gypsum from Anhydrite Nanoparticles: Strongly Increased Vickers

Hardness and Formation of Calcium Sulfate Nano-Needles (poster), Partec 2007, March 27-29,

Nuremberg, Germany
14. Luechinaer N A. Loher S, Athanassiou E K, Grass R N and Stark W J, Optical humidity sensing

on polymer/metal nanoparticle hybrid films (poster), Partec 2007, March 27-29, Nuremberg,

Germany
15. Schneider Q D. Loher S, Brunner T J, Uebersax L, Simonet M, Grass R N, Merkle H P and

Stark W J In vitro bioactivity and osteogenic differentiation of human mesechymal stem cells

(poster), Partec 2007, March 27-29, Nuremberg, Germany

Related Skills:

Software

General Microsoft Office, Matlab

Design Unigraphics (CAD)

Programming language C (basic knowledge)

Languages

German native language

English fluent

French basic knowledge

Spanish basic knowledge


