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WELCOME MESSAGE FROM THE CHAIRS

Followingthe successful firsfymposium on Degradable Metals in Biomedical Applicatiodsr the umbrella
of THERMEC 2009, veze happy to introduce and welcome you to thé*Bymposium on Biodegradable

Metalsin Acquafredda dMaratea, Italy.

This symposiumwill be characterized by its academionferencestyle with an openly discursive format,

rather than a lecture and questiganswer format.It is our intention to promote discussion and sicussion
among the attendees, in an open and relaxed fofthis stylewill be completed by panel discussions at the

end of each session. These panels will discuss open questions of the session topics, new approaches,
background knowledge, and personal views among the presenters including the participation of the audience

which is expected to be stronBlease consider that all questions are allowed.

It is our intention, with your help tesummarize and publish as conference papers in an intended special issue
in Materials Science and Engineeringtie content of these discsson panelsFurthermore, discussion tables

at the poster session are focussing on specific topics and will invite the participants to raise critical questions
or help each other advancing the field of biodegradable metals. Summaries of the discussscdald also

be published.

In summary, we expect your strong involvement and firm willingness to contribute to the expected success of
this Symposium. The location was selected to help the attendees to relax and to forget the rest of the world

for few days, so to enhance their creaty and criticism.

Welcome in Maratea, and might this Symposium be fruitful!

Symposium Gahairs

Prof. Diego Mantovani Prof. Frank Witte
Universite Laval, Canada Hannover Medical School, Germany

UNIVERSITE M |.|
: I.AVAL -l Medizinische Hochschule

Hannover

Abstract book editor:

HendraHermawan, PhD
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General Program

Tuesday Wednesday Thursday Friday Saturday
31st August 2010 1st Sept. 2010 2nd Sept. 2010 3rd Sept. 2010 4th Sept. 2010

08:00-12:00
Check out and departure

18:00-19:00
Registration

19:00-20:00 20:00-21:00 20:00-21:00 20:00-21:00
Welcome and opening dinner Dinner Dinner Closing and dinner
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COMPLETE SYMPOSIUM PROGRAM
Wednesday, September1
Session 1: Metals, 08:302:30
Session Chairs: Dietygantovani, Norbert Hort
Topics: Design, Production, Processing, Corrosion, décdiProperties, Metallurgy
Time Author Affiliation Page
08:30:09:00 IOVHEd:Mg_baS?d it metqlllc _glasses I J. Loffler ETH Zurichswitzerland 15
biodegradable implant applications
Microstructure andproperties ofas-cast |L. Yang, .YHuang, QPeng, CBlawert,
09:0009:20 | binary MgDyalloys formedical KU. Kainer, R. Willumeit, Feyerabend,| GKSS Research Centre, Germany 17
application N. Hort
) ) Research on M§ld-ZnZralloy as a Y. Zong, G. Yuan,zhang, L. Mao, J. Ni . . . .
09:2009:40 biodegradablestent material W. Ding Shanghai Jiao Tong University, China 18
Production of porous as well as nearly
09:4010:00 | dense Mgalloy parts using powder M. Wolff, M. Dahms GKSS Research Centre, Germany 20
metallurgy
10:0010:30 Coffee Break
BiodegradableFe-based alloys for medice : N
10:30-10:50 | applicationsDesign strategy and alloy M. Sc_hlnhammer, F. quzner, A.C. H3 ETH Zurich, Switzerland 22
J.F. Loffler, P.J. Uggowitzer
performance
10:50-11-10 Elect_roformed iron for degradable M. Morave_zj, F. Bma, M. FisetD. Université Laval, Canada 24
cardiovascular stents Mantovani
Hardening characteristics of a F. Moszner, M. Schinhammer, A. S.
11:10-11:30 |, . g Sologubenko, A. C. HarRi,J. ETH Zurich, Switzerland 26
biodegradable Fbased alloy ) )
Uggowitzer, J. F. Loffler
11:30-12:30 Panel Discussion (moderated by Session Chairs)

Lunch and Beach free time
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Session 2: Corrosion, 16:320:00
Session Chairs: Yufeng Zheng, Mark Staiger
TopicsMeasurement Methods, Theory, Electrochemistry, Tomography
Time Title Author Affiliation Page
16:30:17:00 InV|t_ed:CorrOS|0n mechan.lsm _appllcable A.Atrens University of Queensland, Australia. 27
to biodegradable magnesium implants
) ) Predictive in vitro assessment of Mg N.T. Kirkland, N. Birbilis, G. Dias Un!vers!ty of Ca”‘?r?ufy’ Ngw Zealand; Monas
17:0017:20 ) . . ) University, Australianiversity of Otago, New 28
based biomaterials. Woodfield M.P. Staiger Zealand
CALPHAD studies on thermodynamic
17:2017-40 stability of calcium, zinc, and yttrium K Wu, QN.Dogan, Q. Velikokhatnyj | National Energy Technology Lab, USA; URS C 30
' ' doped magnesium alloys in aqueous P.N. Kumta USA,; University of Pittsburgh, USA
environments
. : R. Willumeit, F. Feyerabend, J. Fische GI<_S$o_r§chungszentrum Geesthacht, G_er“mand
, i Magnesium corrosion under near . S Universitat Hannover, Germany; Universitat
17:40-18:00 . . - Schreyer, H. Driicker, B. MihailovaPH. i . L 32
physiological conditions . Hamburg, Germany; Universitatsklinikum
Wendel, N. Hort, K.U. Kainer o
Tlbingen, German
18:0018:30 Coffee Break
. ) Corroslon behawour of powd_er metgllurg C. Alonso, J. A. del Valle, M.D. Peredg INIFTA, Argentina and Unigaad Autbnoma de
18:30:18:50 | Mg with fluoride treatments in chloride i . ) 34
. ) ) Gamerqg M. Fernandez Lorenzo de Mel Madrid, Spain
solutions with and without phosphates
18:5019:10 Three in V|troe'lectrochem|cal testing Ch. Deng, J. Stinson,Skheuermann, S. Boston Scientific Corporation, USA 36
methods for bioabsorbable metatents | Suckow
19:-1019:30 Novelalginate basedcoatings on Mg K. Sangetha, .Roy, SSingh, BLee P.N. University of Pittsburgh, USA 38
alloys Kumta
19:30:20:00 Panel Discussion (moderated by Session Chairs)

Dinner
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Thursday, September™2

Session 3: In Vitrd)8:3012:30

Session Chairs: Frank Feyerabend, Charles Sfeir

Topics: Test system8ytotoxicity, Toxicology, Cells, Analytics, Sensors, Corrosion

Time Title Author Affiliation Page

08:30:09:00 InV|tedEB|odegra_(1abIe Mg_ qqd g e S. Virtannen University of ErlangeiNuremberg, Germany 41

Corrosion and Biocompatibility.
. _ Bioreactor tt_est_ set up for in vitro _ J. Fischer, R. Portner, F. Feyerabend, GKSResearch Centre, Germany: Hamburg
09:0009:20 | cytocompatiblity testing of magnesium | Hort, K.U. Kiaer, A. Schreyer, R. ) . 43
; ; . University of Technology, Germany

materials Willumeit
Gene expression study of mouse

09:20:09:40 | fibroblasts in the presence of degradabily A P“ma’.“a’ J. Couet, H. !—|er||aa[|u;u8. UniversitéLaval Canada 45
iron alloy Champetier, D. Mantovani

09:40-10:00 Adsorptl_on of human serum albumin on J. E. Grayunro and U. Lake Laurentian University, Canada; Canadian Light 46
magnesium allopAd1 Source, Canada

10:0010:30 coffee break
In vitro degradation performance and

10:30-10:50 | biological response of biodegradatg- | X.N. Gu, N. Li, W.R. ZhduF. Beng Peking University, China 48
n-Zr alloys

10:50-11:10 | Prugloaded biodegradable polymer e o0 o o wi JMa Jiamusi University, China 50
coating onMg alloy for stent application

11:10-11:30 | Microstructure oMg-Zn-Ca thin film by | o Chung, A. RoyiNPKumta University of Pittsburgh, USA 51
pulsed laser deposition

11:30-12:30 Panel Discussion (moderated by Session Chairs)

Lunch and Beach

2" Symposium on Biodegradable Metals
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Session 4: In Vivo, 16:380:00
Session Chairs: Frank Witte, Matthias Peuster
Topics: Animal model®iagnostics/Analytics, Biocompatibility, Sensors, Corrosion
Time Title Author Affiliation Page
16:3017:00 Invm_ad:The SBIHIER blqcorrodlble M. Peuster University of Chicago, USA 53
cardiovascular stent materials
, ) Biodegradable FHébated MgZnalloy J Li, YSong, SZhang, CZhao, X. Zhang . . . .
17:0017:20 with enhanced interface ibactivity P. Han, W Ji, YJiang Shangai Jiao Tong University, China o4
. . . Mugla University, Turkey; Medical Park Hospitg
17-20-17-40 In vivo (_:orr03|on of AZ31 magnesium AA Kaya, RA KayaBEckmann, E. Turkey: GKSS Research Center at HASYLAB, 56
screws in a sheep model Willbold, F. Witte i .
Germany; Hannover Medical School, Germany
17:4018:00 Magnesmm _coa_tlng for biodegradable P. Salunke, F. Witte, Bhanov University of CincinnatUSA; Hannover Medical 53
implant application SchoolGermany
18:0018:30 Coffee Break
18:30:18:50 Fast corrosion of M@lloy RS66 indne | F. Witte, M. Brauneis, E. Willbold, J. | HannovemMedical School, Germany; University 60
' ' without clinical hydrogen formation Nellesen, S. Remeikn D. Shechtman | Dortmund, Germany; Technion, Israel
18:5019:10 ereless deterr_nmahon (.)f pl_-| adjacent « I. Bartsch, F. Witte Hannover Medical School, Germany 62
biodegradable implants in vivo
Investigation of corrosion at N Leibniz University Hannover, Germahkignnover
19:1019:30 | biodegradable magnesium implants in C._Vogt, H. DriickeG. Schwarze, F. Medical School, Germanyniversity of Leipzig, 64
. . Witte, J. Vogt
Vivo by solid state spectroscopy Germany
19:3020:00 Panel Discussion (moderated by Session Chairs, 30 min)

Dinner and Party
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Friday, September'3
Session 5: Posters, 08:32:30
Session Chairs: Michael Schinhammer, Hendra Hermawan
Topics: Poster Short Presentations and Discussion Tables
Time Title Author Affiliation Page
Formation of smalkize tubes and materig
09:0009:15 | characterization for biodegradable Q. Ge M. Vedani, G. Vimercati Politecnico dMilano, Italy 66
magnesium stent precursors
Proteomic profile of osteoblastic cell R.M. Lozano, B.PérezMaceda, M. Centro de Investigaciones Bioldgicas (CIB), Sp
09:1509:30 | cultured on fluoridecoated magnesium | Carboneras, M.C. Garefdonso,M.L. Centro Nacional de InvestigaceEmMetallrgicas 68
materials Escudero (CENIM), Spain
The development of an in vitramnmersion , .
09:3009:45 | test to predict the in vivo corrosion of g).i;/!alker, T. bodfield, M. Staiger, G.J. University of Otago, New Zealand 70
magnesium alloys
09:4511:15 Poster session armbffee break
The effect of perfusion culture on TU Dresden, Germany; InnoTERE GmbH, Gerr
proliferation and differentiation of humar| J. Farack, C. Welrandstetter, S. Fraunhoferinstitut fir Keramische Technologiern
11:1511:30 | mesenchymal stem cells on biocorrodibl Glorius, B. Nies, G. Standke, P. und SystemeGermany; Fraunhofer Institut 72
bone replacement materiain Quadbeck, H. Worch, D. Scharnweber | Fertigungstechnik und Angewdte
biocorrodible bone replacement materia Materialforschung, Germany
A novel approach to coating pure
11:3011-45 magnesium with calcium phosphates us| S. Shadanbaz, A. Pietak PMStajer, T. | University of Otago, New Zealand; Uniigr of 74
' ' in-situ crystallisation: In vitro corrosion | Woodfield G.J. Dias Canterbury, New Zealand
protection analysis
Mugla University, Turkey; Istanbul Technical
11:4512:00 | Hybrid magnesium implants A.A. Kaya, O. Yucel, F. Witte University, Turkey; Hannover Medical School, 76
Germany
12:0012:30 Discussion Tables (moderated by Session Chairs, 30 min)

Lunch and Beach
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Session 6: Requlatory Aspects, 16B®30
Session Chairs: Frank Witte, Diego Mantovani, Jag Sankar
TopicsFDA, CE, Views and Opinions, Challenges and Solutions
Time Title Author Affiliation Page
16:30:17:00 'm”‘é't;elgﬁhe DR @ DERERERND | o oo FDA USA 78
17:00-17:30 InV|ted:H0W B Eggly iz (0 SRRl M. Doser ITV Denkendorf, Germany 79
biodegradable metals
17:30:18:00 Coffee Break
Biodegradable wound closing devices fc A.C. Hanzi, H. Aguib, M. Schinhamme
18:00-18:15 gradabie v SINg Metlar, T.C. Liith, J.F. Léffler, P.J. | ETH ZurichyBtzerland; TU Miinchen, Germany| 80
gastrointestinal interventions .
Uggowitzer
Manufacturing of biocompatible o .
18:1518:30 | magnesium stent mesh using nanoseco E. ITe_sma, BPrevitali, M. Bestetti, | Politecnico di Milano, Italy 82
. . ” Petrini, W. Wu
fiber laser and chemical etching
_ ) Manufacturing and characterising order¢ T. Nguyen, MStaiger, G. Dias, T. University of Canterbury, New Zealandjilgrsity
18:3018:45 : . 84
porous magnesium scaffolds Woodfield of Otago, New Zealand
Shape optimization and continuum . -
18:4519:00 | damage models for bioabsorbale W Wu, V. Sassi, L. Petrini, D. Gastald Politecnico di Milano, Italy 86
. Migliavacca
magnesium stents
19:0019:30 Panel Discussion (moderated by Session Chairs)
19:30:20:00 Closing remarks

Dinner (Award Ceremony for Logo Competition)
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POSTERS LIST

Biocompatibility of experimental Mglloys for bioresorbable medical devices 89
L. Scheideler, J. Bollacher, C. FugeRupp, HP Wendel, N. Hort, J. G&gerstorfer
University of Tuebingen, Germany; University of Tuebingen, Gern@K$S Research Center, Germany

Corrosion proéction of biomimetic calcium phosphate coatings on magnesium 91
J. Waterman, M.P. Staiger, T. Woodfield, G. Dias
University of Canterbury, New Zealand; University of Otago, New Zealand

Corrosion resistance of phytic acid modified WE43 magnesium_alloy 93
C.H. Ye, Y.F. ZhefgF Xi
Peking University, China

Deposition of calcium phosphate coatings on magnesium alloys by aqueous methods 95
SS. Singh, ARoy, BLee P.N. Kumta
University of Pittsburgh, USA

Fast corroding high ductility Malloys based on the MBiCa and MeBiSi systems, developed for small
implant applcation, with ro clinical hydrogen formation in bone implant 97

S. Remennik, M. Brauneis, Ell@did, F. Witte, D. Shechtman

Hannover Medical School, Germany; Techrgrael Institute of Teafology, Israel

In vitro study on equal channel angular pressing AZ3Inesigm alloy with and without back pressuré9
X.N. Gu, N. LY,.F. Zheng, F. Kang, J.T. Wang
Peking University, China; Nanjing Universit$cience & Technology, China

Novel solgel derived calcium phosphate coatings on Mg4Y alloy 101
A. Roy, SSingh, BLee P.N. Kumta
University of Pittsburgh, USA

Polymeric coating for bioabsorbable Moy stents 103
L. Altomare, M.C. Di Carlo, le Nova, F. Migliavacca, S. Faré
Politecnico di Milano, Italy

Effect of FCS on therrosionbehaviour of Mgalloys 105
H. Hornberger, WD. Mueller, N. Hort, F. Witte
Hannover Medical School, Germany

Corrosion of experimental magnesium alloys in blood and PBS: A gravimetric and microscopic evaluation
107

Ch. Schille, M. Braun, E. SchweikerWendel, J. GeiSerstorfer
University Hospital Tuebingen, Germany

Longterm biodegradation and associated hydrogen evolution of dugtexctured MgLFAK(RE)alloys and
their mechanical properties 109
M.A. Leeflang, J.Bzwonczyk, J. Zhou, J. Duszczyk

Delft Univesity of Technology, Netherlands

2" Symposium on Biodegradable Metals
Maratea, Italy, August 31%'i September 3", 2010 Page 11 of 136
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Dynamic properties of GR coated AZ31B magnesium alloy during degradation 110
Q. Wang, L. Tan, K. Yang
Chinese Academy of Sciences, China

Lifecycle of stents in the context of developing new alloys for biodegradable stents 112
H. Hermawan, DDubé, D Mantovani
Université Laval, Canada

Comparison of biodegradable behaviors of AZ31 and JDBM magnesium alloys in Hank's physiological solution

114
Y. Zong, G. Yuan,zZhang, L. Mao, J. Niu, W. Ding
Shanghai Jiao Tong University, China
Degradatiorcontrol of Intrauterine Devices (IUD) biging organic corrosion inhibitors 115
F. Alvarez, M.D. Pereda, P.L. Schilardi and M. Fernandez Lorenzo de Mele
Instituto de UniversidadtNacional de La Plata, Argentina
Effect of electrolyte thickness on pure Mg dadation:Numerical modeling by FEM 117

R. Montoya, ML. Escudero, M. GarciaAlonso
Centro Nacional de Investigaciones Metallrgicas, Spain; Universidad NacitdabrAa de Mexico, UNAM,
Mexico

Pure iron: In vitro and in vivo degradation and cytogenetic studies 119

N. Tavakalyan, A. Poghosy& Voskanyan, A. Hovhannesyan

CSNB Gy LyaidaAaiddziS & tArdmena@iScientifié Cehukor Radiefidnidedicined Buzng,
Republic of Armenia

The correlation between flow rate and corrosion rate behavior of magnesium alloys under a research of a
tailor-made bioreactor 120

A. Eliezer, F. Witte

Sami Shamoon College of Engineering, Israginblver Medical School, Germany

Synthesis characterization andscaffold development of M@nCa based amorphous alloys by mechanical
alloying and 3dimensional inkjet printing 121

D. Chou, DHong, MK Datta, S1 Chung, ARoy, JArlotti, H. Kuhn, P.N. Kumta

University of Pittsburgh, USA

Development andnicrostructural characterizations of MgnCa doys 123
Z. X1, S. Chen, C. Smith, J. Sankar
ERC of Revolutionimy Metallic Biomaterials, USA.

Biodegradable M@gnCametallic glasses: Structural relaxation and its effect on toughness 125
J. Xu, ¥. Zhao
Chinese Academy of Sciences, China

Timedependent in vitro corrosion of magnesium alloys 126
H. Dricker, QVogt, F. Feyerabend, N. Hort
Leibniz University Hannover, Germany; GKSS Research Centre Geesthacht, Germany

2" Symposium on Biodegradable Metals
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Development of novel M@nY-Nd alloy as biodegradable vascular stent 127

S Guan, JWang, BWang,P. Wang,S Chen
Zhengzhou University, China

ZK30bioglass composites for orthopaedic applications: a comparative study on fabrication method and
characteristics 128

Z Huan, SLeeflang, J. Zhou andDuszczyk

Delft University of Technology, Netherlands

The effect of pH regulation on the cytotoxicity of bioabsorbable Mg alloys 129
H.K.Seok Y.C Kim, H. Lee, EKK Kim, YY. Kim, SY. Chqg P.R. Cha, BYang
Korealnstitute of Science andlechnology Korea

TEM study of iwvitro corrosion on biodegradable Mi%Ca binary alloy 131
J.Y. Jund.Y. Lee, Y.C. Kim, S.J. Yang, Y.Y. Kim, S.Y. Cho, P.R. Cha, H.K. Seok, J.P. Ahn
U&I CorporationKorea

Bone formation of magnesium alloy implants in rat femur 133
H.S Han Y.Y. Kim, HK Suk, and 8 Yang
Chungnam National University, Korea

The corrosion behavior ofupe magnesiuntreated byselfassembled monolaysiof stearic acid 135
LY.Qiaq JC.HGao, YWang
Chongging University, China

2" Symposium on Biodegradable Metals
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Mg-based bulk metallic glasses for biodegradable implant applications

Jorg FLOffler

Laboratory of Metal Physics and Technology, Department of Materials, ETH Zurich, 8093 Zurich, Switzerland, E
mail: joerg.loeffler@mat.ethz.ch

INTRODUCTIONBUIk metallic glasses (BMGs) aneeav class of amorphous alloys that are produced in bulk form
with a noncrystalline microstructure by cooling from the melt [1]. For such types of alloys cooling rates
achieved in conventional casting techniquegl(@0 K/s) are enough to freeze the alidered structure of the

liquid. They may therefore be produced as massive amorphous pieces in dimensions of up to several centi
meters. Due to their nomwrystalline nature they show vyield strength which is about twice as high as that of
their crystalline canterparts, and elasticity about ten times higher. In @i, because BMGs suffer no
equilibrium phase diagram restrictions, their degradation characteristics may be tailored by integrating large
amounts of alloying elements into the homogeneous (glassicture, i.e. BMGs offer much more scope for
Fff2e& WOKS Y AThigisidy @howstwhySviskiseid BNGE dre very attractive for use as biodaajnée
implant materials.

MATERIAL AND METHOO$1e Mgbased alloys were produced by casting 12 mm ffoois an inductivelyheated
graphite crucible under highurity argon atmosphere. The prersor material was mefpun into glassy rib
bons of 50um thickness, and mrthick glassy rods/plates were produced by copper mold injeet@asting.
The microstruatire of the alloys was investigated byrag diffraction and scanning electron microscopy.

RESULTS ANDIScussIaNt is now welknown in the biomedical community that Mepsed alloys are very
attractive for bialegradable implant applications becauseyhshow aparticularly attractive combination of
mechanical, electrochemical and biological properties. They also degrade completely by releasing ions which
are tolerated by the body. Unfortunately, however, they also present great disadvantages sudhtiaslye
low strength and, most importantly, degradation in aqueous solution with unwanted hydrogen formation.

In this talk | willdiscuss the mechanical and electrochemical properties oblked BMGs [2], and report on

the dramatic reluction or completecessation of hydrogen evolution achieved during the degradation of
MdsoxZsxCa (0 ¢ x ¢ 7) glasses [3]. | will show that above a Zn alloying threshold of 28 at.%,aamdn
oxygenrich passivating layer forms on the alloy surface, and explain this using an electrochemical model which
takes the degradation of Zn in simulated body fluid intx@unt In-vitro and in-vivo studies confirm the
absence of hydrogen evolution and reveal tissue compatibility as good as that observed for crystalline Mg
implants. Apart from general applications in bone surgery, such biodegradable alloys are alsoled@sirab
pediatric fracture fixation, where the time scale of bone growth must be considered. For this reason pins for
fracture fixation were prduced from our MgZn;Ca BMGs and iptanted in growing rats for a period of up to

18 months. Preliminary resulfsom thesein-vivostudies are also discussed.

ConcLusionsVe demonstrate in this study that Zith Mgbased glasses with strongly reduced hydrogen
evolution during degradéon show great potential for deployment in a new generation of biodegradable

2" Symposium on Biodegradable Metals
Maratea, Italy, August 31%'i September 3", 2010 Page 15 of 136
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implants. Such alloys are interesting for applications in vascular intervention, general bone surgery, and
pediatric fracture fixation.

REFERENCH4] J. F. Loffledintermetallics11 (2003) 529; [2] B. Zberg, E. R. Arata, P. J. UggowitEet,Gfler,
Acta Mater.57 (2009) 3223; [3B. Zberg, P. J. Uggowitzer, J. F. LoMature Mater.8 (2009) 887; highlighted
in Nature461(2009) 701.
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Microstructure and properties of agast binaryMg-Dy alloys for medical application

Lei Yang, Yuanding Huarm@iuming Peng, Carsten Blawert, Karl Ulri¢ainer, Regine Willumeit, Frank
FeyerabendNorbert Hort

GKSS Research Centre, Institute of Materials ResearchPlsliackStr. 1, D21502 Geesthacht, Germany,
email:leiyang@@$gss.de

Abstract

Recently, commercial Mg alloys containing rare earths-R¥&j were identified for medical application because
rare earths are effective alloying elements to improve both mechanical and corrosion properties of Mg alloys.
Unfortunately, theprevious commercial M&E alloys are mainly developed for structural materials and some
RE elements in them are unsuitable for medical application due to their cytotoxicity.

Dysprosium (Dy) shows superior biocompatibility. Tadf-lethal dose (LE) vale of Dy is reached at 585
mg/Kg. Moreover, the maximum solid solution of Dy in Mg matrix is larger than 20 wt.%. Therefeiy; Mg
based alloy could be promising biomaterials. In this work, microstructure, mechanical and corrosion properties
of ascast bimry MgxDy(x=5,10,15 and 20 in wt.% ) are under investigation. The grain size decreases
significantly with the increase of Dy from 5 wt.% to 10wt.%, but further increase of Dy content only marginally
contributes to grain refinement. Yield strength was enbad with the increase of Dy content. However,
ultimate tensile strength was barely improved and elongation to fracture reduces sharply when Dy content is
more than 10wt.%. Similar to the trend of mechanical properties, thelPIgy alloy exhibits the lovet
corrosion rate in physiological saline (3mm/year), which is less than half of corrosion rate-5iDWalloy.
Further increase of Dy slightly increases the corrosion rate eDyglloys. Based on the morphology analysis,

it can be confirmed that the fferent corrosion rates are mainly associated with the different corrosion
mechanism, pitting corrosion and filiform corrosion. Namely, with the increase of Dy content, filiform
corrosion decreased significantly, however, pitting corrosion increased adlyioAs a result, the lowest
corrosion rate was obtained in MEODy alloy due to the balance between pitting and filiform corrosion.
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Research on MgNd-ZnZr alloy as a biodegradable stent material

Guangyin Yudrf, Yang Zong Jia ZharfgChunxi YaryKerong D&j Wenjiang Dintf

National Engineering Research Center of Light Alloy Net Forming, Shanghai Jiao Tong University, Shanghai
200240, ChinaEmail: gyyuan@sijtu.edu.cr{G.Yuan) °State Key Laboratory dfletal Matrix Composites,

School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
¥Shanghai Jiao Tong University School of Medicine, Shanghai 200011, PR China

INTRODUCTIONBeing biocompatible and biodegradabl®agnesium alloys are considered as the promising
biomedical degradable implant materials, such as for stents, bone fixtures, plates and screws, which would
avoid secondary surgeries to remove after the tissue healed. The challenge for the current Mgaalloys
biomaterials is the poor corrosion resistance and they would corrode at a speed that is too high for most
prospective implant applications. Requirements for biodegradable implants are biocompatibility, controlled
biodegradability and sustainable mecheal properties[12]. In this study a new type of patent Mid-Zn
Zr(JDBM) alloy was investigated as biodegradable stents material. The primary study results showed that the
mechanical properties, corrosion resistance properties and biocompatibility dfl HliBy were all suitable for
biodegradable cardiovascular stents applications.

MATERIALS AND METHODSthis study, the experiment materials used for investigation isNdegZnZr (JDBM),

and the high purity Mg (99.99wt.%) and commercial AZ91D magneailoy are used for comparison.
Microstructure, mechanical properties, corrosion properties and biocompatibility of studied alloys have been
investigated by use of optical microscope, scanning electron microscope (SEM), transmission electron
microscope(TEM tensile testing, and cell toxicity, blood hemolysis pladelet adhesion evaluation test.

300

150 4

O Tal e
—— JDBM-540°C/4h-350°C extrusion (1)
—— JDBM-540°C/4h-450°C extrusion (2)
50 —— JDBM-540°C/4h-525°C extrusion (3)
—— JDBM-540°C/4h-250°C/10h-350°C extrusion (4)

Tensile Strength (MPa)

100 4

0

T T T T T T T
0 5 10 15 20 25 30 35 40
Elongation (%)

Fig.2 The image of small te® and stents made of
Fig.1 Tensile stressrain curves of asxtruded JDBM JDBM adly

alloy under different extrusion process

RESULTS AND DIscussi®he mechanical properties test shows thateagruded JDBM alloy exhibits good
strength and ductility balance, and its tensile yield strength and elongation are in the range of 1:80MPa
270MPa and 20%~30% (see Fig.1), respectively, depending on the exprmiess condition, which can meet

the mechanical properties requirements of stents. Because of the outstanding deformation ability of JDBM
alloy, the small tubes for fabrication of stents (wall thickness betweentl50n >Y > f Sy 34K dopn
diameter 3nm) have been succeeded in producing by precision drawing process. The stents prototyping are
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cut by means of a femtosecond laser technique, as shown in Fig.2. The high strength of JDBM alloy resulted
from the small grain strengthening and dispersion stygrening of Mg.Nd phase after extrusion. The analysis

of dislocation morphology in the deformed specimens showed the good deformation processing ability for
JDBM alloy at room temperature resulted from the Awossal plane <a> and <c+a> dislocations aetlidty

the Nd and Zn alloying. In addition to the outstanding mechanical properties and deformation processing
ability, JDBM alloy also exhibits the excellent corrosion resistance in simulated body fluid (SBF). The average
corrosion rate of JDBM in SBF i2%nm/year, much lower than that of AZ91D(2.64mml/year), as shown in
Fig.3. The corrosion mode of JDBM and pure Mg samples are slight uniform corrosion, while AZ91D exhibits
serious pit corrosionThe cytotoxicity test shows that JDBM alloy is a good cytpatible biomaterial. The
alamarBlue tests results indicates that Mg, AZ91D and JDBM alloy extracts shows no negative effect on
viabilities of L929 cells. The cells viability was no significant difference while L929 cells cultured in Mg, AZ91
and JDBM graqu for 2, 4, and 6 days in comparison with control grolibe hemolysis test shows that the
JDBM alloy does not cause hemolysis to blood systemptaidliet adhesiortest also shows the JDBM alloy
exhibits very good antlatelet adhesion propertiesyhichcan be applied in blood environment.

[y = N N
o o o o
1 1 1 1

Corrosion rate(mm/year)

w0

Pure Mg AZ91D JDBM

o
S)
I

Fig.3 The average corrosion rate of pure Mg, AZ91DJ&BM in SBF for 10 days at 37 C

CONCLUSIONA new biomagnesium alloy JDBM with high sgdnand ductility balance as well as excellent
corrosion resistance has been developed successflllliBM alloy shows good biocompatibility and does not
cause hemolysis to blood systerihe success of fabricating the stent prototyping combined with the
outstanding mechanical properties, excellent corrosion resistance and biocompatibility show that JDBM alloy
is a promising degradable cardiovascular stent material.

REFERENCEEL] MP Staiger, AM Pietak, J Huadami, G. DB&mmaterials 27(2006)1728734; [2]F Witte, F
Feyerabend, P Maier, J Fischer, M Stérmer, C Blawert, W Dietzel, N Hort. Biomaterials 28(2a07)2163
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Production of porous as well as nearly dense Moy parts using powder metallurgy

M. Wolfft, M. Dahm¢

!GKSS Research Centre Geesthacht GmbH, Institute for Materials ReseareBlanéax Str. 1, 21502
Geesthacht, Germanvmartin.Wolff@qkss.dezuniversity of Applied Sciences,-Flénsburg, Kanzleistr. €3,
D-24943 Flensburg, Germany

INTRODUCTIONN contrast to degradable polymers or current permanent implant materialsp®gpd alloys
yield material properties matching those of cortical bone tissu€]10Ongoing research has highlighted -Mg
alloys also asuitable biodegradable material for future orthopaedic and traumatology applications [3]. The
corrosion products of Mg, generated during biodegradation, support the osteoconductivity [4]. In order to
support also the osseointegration and the vasculariggtian open porous surface structure of an Jlgne
implant is advantageous [5].

Mg-based implant material should be nearly dense inside in order to provide enough stiffness for load bearing
applications. And it should provide an open porous surface areadier to support the ingrowth of bone cells
into the degrading implant.

The PMprocessing route of Mglloys, presented in this study, enables the generation of parts, nearly dense
inside with an open porous surfas&ucture.

Powder blends with differensintering behaviour were produceda blending pure Mgowder with different
master alloy powders (MAP) as well as powder fractions, varying inUsiaegtwo of these unequal blends,
the production of twecomponent parts (2@arts) via pressing and saring could be performed. The major
requirement for the successful sintering process was found to be the protection giadg from oxygen
pickup during the process [6]. The generation of open porous surfaces qariCthrough atmosphere
conditioning wa investigated in [7].

MATERIALS AND METHOBST the specimen preparation, gas atomised spherical powders with diameter betwgem 25
and 350um, were usedThe following elemental master alloy powders and powder blends were used; 1. Coarse MAP,
Mg-3Y,particle size 10um to 350um; 2. Fine MAP, M@.9Ca, particle size <48n; 3. Coarse MAP, M8Y + fine MAP,
Mg-7Ca (<90 um¥, Mg-2.7¥0.9Ca equilibrium blend4. Elemental pure Mg (<4Bm) + fine MAP, MgCaA Mg-0.9Ca
equilibrium blends.

All samples were fabricated by uniaxial, double sided pressing betwe&fPa0and 10MPa. The handling took place
under Argon atmosphere in a Glovebox system (MBrauilabn 1Cspecimen, made from the listed alloys/blentigl
with d=8mm were used for the compression test performed o%ehenckrebelRM100 Universakiifmaschine (strain
rate was 0.2Znm/min). The 2€
specimen had a diameter of Tdm
whereas the core wasnly 8mm.
Sintering was performed in a hot
wall furnace (Xerion Retort) at
630°C for 64. A detailed
description of the process in showr

in [6,7]. The microstructure was N & A ¢ P =
observed by SEMDEM962, Zeiss, e v V4 o

Germany)and additional Photoshop

software to identity the porosity Figurela:2Gspecimenl: as sintered630°C/ 64h)Figurelb: magnificationof
area B
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RESULTS ANDISCUSSIQNThe core
of specimerl, displayed in
Figure laareaC was made of
MAPNo.2 and shows a residua
porosity of 15.5 % whereas the
shell (ared), made from
MAPno.1 shows an open
porosity of 276. The transition
zonebetween areaA and C is
nearly dense and obtains ¢
porosity of 1%. The compressior
tests of the material used for
areaA show a ultimate
compressive strength (UCS) of 7IPa, a compressive yield (CY) of 18#2a and a compressibility of
19+2%. AreaC achieves a UCS of 2604Ba, CY of 264H49Pa and a compressibility of 2542 In contrast,
Figure2a shows a more dense type of a-R&t (specimer?). The core of spe2. was made from the powder
blend no.4 and achieved a residual porosity o¥l wheeas the shell, made from MABlendno. 3, shows a
porosity of 14.®%6. A transition zonB could not be observed. Ardaobtained an UCS of 212MPa, a CY of
63+11MPa and a compressibility of 23%3 AreaC obtained UCS of 283&HPa, CY of &/t MPa,
compressibility of 29+246 and an elastic modulus of $¥Pa. The material properties of the core a@aatch

those of cortical bone. The pore diameter ranges from 20 to 850 This should be a feasible range for a
sufficient oesseointegration. However, biggfadation rate and cytocompatibility tests could not be integrated
into this study. To avoid fast degradation, the reduction of secondary phases in the microstructure (see white
arrow in Figurelb and 2b) trough subsequent heat treatments as well as tlairng of the porous area should

be useful.

®sspecimefi surface T LT 3
e A —— 600 pm ——i

Figure2a:2CGspecimer?2: as sintered(630°C/ 64igure2b: magnification of
area B

GoncLusiondfNew Mgbased biomaterial should withstand specific load bearing applications, on the other
hand it should support the osseointegration through open pores. A general suitability of therdtiglssing

route to meet the requirements for the chosen applicaticn found in this study. By blending different
elemental and master alloy powders as much as by using of different powder diameter fractions, the
manufacturing of Meplloy-parts with a nearly dense core, matching the material properties of cortical bone,
aswell as an open porous surface structur@dssible.

REFERENCE$1] G. Song, A. Atrens, Advanced Engineering Materials 5 (2003358372] G. Song, B.
Johannesson, S. Hapugoda, D. StJohn, Corrosion Science 46 (20947;98%M. P. Staiger, A.MPietak, J.
Huadmai, G. Dias, Biomaterials 27 (2006) 1¥284; [4] C. Janning, E. Willbold, C. Vogt, J. Nellesen, A. Meyer
Lindenberg, H. Windbergen, F. Thorey, F. Witte, Acta Biomaterialica 6 (20169&,946] F. Witte, J. Fischer,

J. Nellesen, H.Lrostack, V. Kraese, A. Pisch, F. Beckmann, H. Windhagen, Biomaterials 27 (2006)8,013
[6] M. Wolff, T. Guelck, T. Ebel, Euro PM2009 Proceeding Vol.-222177] M. Wolff, J. Fischer, B. Wiese, T.
Guelck, R. Willumeit, T. Ebel, PM2010 Florencegated.
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BiodegradableFe-based alloys for medical applicationfesign strategy and alloy
performance

M. SchinhammerF. Moszner, A.C. Hanzi, J.F. Loffler, P.J. Uggowitzer

Laboratory of Metal Physics and Technology, Department of Materials, ETH Zurich, WBHgdisgrasse 10,
8093 Zurich, Switzerlantlichael.schinhammer@mat.ethz.ch

INTRODUCTIONNterest in biodegradale metals for use as temporary implant material in vascular intervention
and osteosynthesis has been continuously increasing over the past few [{¢alishas been found that in
certain cases degradable imptanmay overcome some of the restrictions of permanent devices, such as
prolonged physical irritation and chronic inflammation. Iron is an interesting candidate for use as
biodegradable implant material. Preliminary studies have already shown the potehiian for degradable
medical applications: stents made of pure iron implanted into the porcine aorta did not induce any local or
systemic toxicity[2]. However, because of the vergw degradation rate of pure iron under physiological
condition, such implants are considered to reveal reactions rather similar to those found in permanent
applications.

A design strategy3] was deployed in developing new irdrased alloys with tailorable microstructural,
electrochemical and mechanical prpies meeting the requirements of temporary implants, in particular
those of cardiovascular stents. From a medical point of view degradation period og24 frionths would be
advisable for such applications. Regarding mechanical aspects, the mecharficahpace of stainless steel

316L is at least aimed at as this material is often used for permanent implant applications. The design strategy
which is based on metallurgical, electrochemical and toxicological considerations allows adjusting the
performance of the alloys according to the needs of specific applications. In this study the approaches
considered in the design strategy are reviewed and their influence on the properties of the resulting alloys is
discussed.

MATERIAL AND METHODEhe alloys wereuscessfully prepared by casting under argon atmosphere, forging,
solution heat treatment and aging. The microstructure was investigated using optical microscopy, scanning
and transmission electron microscopy anday diffraction.

The electrochemical perfmance of the alloys was evaluated by immersion testing in simulated physiological
media and using electrochemical impedance spectroscopy (EIS). The mechanical properties were determined
using standard tensile testing and hardness measurements.

RESULTS ANDiscussiaNThe alloys produced according to the considerations of the design strategy revealed
interesting microstructural, mechanical and electrochemical properties: immersion testing and EIS in
simulated physiological media showed an increadegradation rate of the newly developed alloys compared

to pure iron. The design strategy allows for great metallurgical freedom offering the possibility to specifically

I Redzali GKS YSOKFYAOFf LINRPBLISNIASA® 58S IsIBefwedny8H0 agdy (0 K S
1500MPa and ductility values between 12 and %0can be achieved. Heat treatments offer further
possibilities to adjust the mechanical properties.
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ConcLusiondn this study, a design strategy for the development of biodegradableaBa alloys for medical
applications is presented. The goal was to achieve an alloy performance suitable for temporary implants,
including both enhanced degradation rate compared to pure iron, sufticient strength and ductility. The
design approach reliesn the controlled modification of the microstructure of iron by suitable alloying and
appropriate heat treatment parameters. The newly developed alloys show an enhanced degradation rate and
an attractive mechanicgberformanceunderlining the high efficiecy of the design strategy presented here.

The design strategy offers the possibility to tailor the alloy's characteristics according to the requirements of
specific degradable implant applications.

REFERENCE{1] H. Hermawan, D. Dub®. Mantovani, Acta Biomaterialia 6 (2010) 14937, [2] M. Peuster,
C. Hesse, T. Schloo, C. Fink, P. Beerbaum, C. von Schnakeiomaterials 27 (2006) 495%962; [3] M.
Schinhammer, A. C. Hanzi, J. F. Loffler, P. J. Uggowitzer, Acta Biomaté@dlia) 8 7051713.
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Hectroformed iron for degradable cardiovascular stents
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YLaboratory for Biomaterials and Bioengineering, Department of Mining, Metallurgical and Materials
Engineering &University Hospital Research Center, Université Laval, Québec City, QC, G1V 0AG, Canada
’Department of Mining, Metallurgy and Materials Engineering, Université Laval, Québec City, QC, G1V 0A8,
Canada®Laboratory for Physical Metallurgy, Ecole Natior@igpérieure de Chimie de Paris, Université Pierre

et Marie Curie, Paris 6, France

INTRODUCTIONCardiovascular stenting iscatheterbased pocedurein which a tiny, expandable wire mesh
tube (stent) is intravascularly implanted into a diseasetkry, serving as a scaffold to hold it opeurrent

stent technology is based on the use of permanent implants n@fdeorrosion resistant materials such as
316L stainless steel and nitinol. However, it has been shown that the scaffolding effect of stquts/éntion

of the artery occlusion andrterial remodelling is only required for a short period 615 monthsand the
permanent presence of stents would not provide any further benefit [1]. Development of biodegradable stents
which provide the scaffolding effect and degrade thereafter could be the logical approach to avoid the
potential complications observed withermanent stents [2]. Pure iron stent was the first degradable stent
implanted in rabbit descending aorta. The results showed good biocompatibility and interesting mechanical
and degradation properties for iron stent. Howevar, vivo degradation of purdron was slow and it was
suggested that structural or compositional modifications should be made to iron to obtain highavo
degradation rates [3]This work aimed to study the feasibility of producing electroformed iron suitable for
application as abiodegradable coronary stent material with faster degradation than that of pure iron
fabricated by casting. Microstructure, mechanical properties and degradation behaviour of electroformed iron
foils were investigated and the results were compared to thofseon made by casting and thermomechanical
treatment (CTIFe).

MATERIAL AND METHOD®N foils were electrodeposited on a Ti alloy substrate in a ferrous chloatigum
chloride bath. The details of electroforming parameters were presented elsewWhgrdfter electroforming,

the foils were mechanically removed from the substrate. Qdtan imaging microscopy (OIM) was
performed using Electron Backscatter Diffraction (EBSD) to reveal the microstructural features of
electroformed Fe (fe) and to identify the grain size. Mechanical properties were evaluated using the
standard tensile tst and degradation behaviour was evaluated using potentiodynamic polarization, static
degradation and dynamic degradation testing methods.

RESULTS ANDIScussiaNThe microstructure of aslectroformed and annealed (at 550°C for 1 h) iron foil
obtained byOIM imaging is presented in Figure 1. A highly oriented fibre texture in direction of (111) planes
with columnar grains was observed for-@lectroformed iron. The average grain size was 4 um. The fibre
texture changed to a more random orientation aftenreealing which shows that electroformed iron
recrystallized by heating at 550 °C. The average grain size after annealing was 6 um.-&8ettref®rmed

and annealed iron had much smaller grain size than that of-RéTbeing ~25 pm as a result of
electrodeposition which produces fingrain materials. As electroformed iron showed interesting mechanical
properties ([ 0 ¢ n s MParomparable to those of 316L SS which is the gold standard for stent
fabrication and superior to those of GF& However the ductility of iron was only 8% because
electrodeposition produces less ductile metals due to the internal stress and hydrogen evolution. The ductility
of electroformed iron increased to 18% by annealing because of the recrystallization of a lessveefecti
microstructure and streseelief.
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Fig.1 OIM image of-Ee, left: as electroformed and right: after annealing at 550°C

Potentiodynamic polarization, static and dynamic degradation tests showed faster degradation for
electroformed Fe comparkto CTIFe. Figure 2 presents the potentiodynamic polarization curves for as
electroformed and annealed iron compared to €€l The faster degradation of electroformed iron can be
related to its fine grains producing more grain boundary area which i® reasceptible to corrosive attack.

Highly oriented texture, high density of structural defects found in electrodeposited metals can be another

reason for this faster degradation. No localized attack was observedFerdnd the degradation mechanism

can ke considered as uniform degradation. The degradation rate of electroformed iron decreased after
annealing due to the recrystallization of a less oriented and less defective microstructure with slightly larger

grains [5].

ConcLusioNnS he applied electrafrming process produced
iron foils with finer microstructure compared to CF&
with a highly (111) oriented texture. Mechanic:
properties of Ere were comparable to those of 316
stainless steel and superior to those of @l
Electroformed iron degrade faster than CTFFe which
shows a possible faster degradation compared to-Ea T
implanted in viva The current results show tha
electroformed iron is a potential candidate as
degradable stent material. Also, the capacity
electroforming in the poduction of complex shapes ma
be applied in order to electroform stent tubes directly on
cylindrical cathode which can save time and energy
stent tube production process.
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Fig.2 Potentiodynamic polarization curves for
electroformed iron compared to CIHe: CT-Fe
showed the highest corrosigootential and the
lowest corrosion current while electroformed Fe

had the lowest corrosion potential and the
highest corrosion current

REFERENCH4] A. Colombo et al, Circulation, 102 (2000) -37B; [2]H. Hermawan et al, Acta Biomaterialia 6
(2010)16931697; [3]M Peuster et al, Heart, 86 (2001) 5689, [4] M. Moravej et al, Acta Biomaterialia; 6
(2010) 17261735 [5] M. Moravej et al, Acta Biomaterialia; 6 (2010) 184851.
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Hardening characteristg of a biodegradable Feased alloy

F. Moszner, M. Schinhammér A.S. Sologubenkd A.C. HanZiPJ. Uggowitzéer J.F. Lofflér

Laboratory of Metal Physics and Technology, Department of Materials, ETH Zurich, 8093 Zurich, Switzerland,
Email: frank.moszner@mat.ethz.cﬁLaboratory of Nanometallurgy, Department of Materials, ETH Zurich,
8093 Zurich, Switzerland

INTRODUCTIONBiodegradable metallic nb@rials are of great interest for use as tempoy implant material in
vascular intervention and osteosynthesis. Magneshased alloys have been studied continuously in the last
few years as potential biodegradable implant tergals for such applications, but Heased alloys have only
been considerd sporadically (see, e.g., [1]). Compared to magnesium alloys iron features similar
biocompatibility, but a much more favorable combination of strength and ductility. This enables the
fabrication of filigree structures which retain sufficient structuralstity, and also allow versatile designs.
However, since the degradation rate of pure iron is too slow, the development of new alloys is required to
accelerate the degidation of Febased alloys.

MATERIAL AND METHOO%1e Febased alloys were produced byelting the raw elements in a vacuuimduction
furnace under highpurity argon atmosphere, casting them into a copper mold, and subsequent solution heat
treatment. Isothermal aging experiments were conducted in air at elevated tempestiand hardness
measurements were perfaned in order to track the aging behavior. The microstructure was investigated by
optical microscopy and transmission electron micasy (TEM), and-My diffraction (XRD) was used for
phase identification.

RESULTS ANDISCUSSIONt is known that binary FgMn alloys with 410 wt.% Mn form a lath martensite
structure after quenching from the austenite region to room temperat[##p Because of the high hysteresis
ofthegaQ GNI YAF2NNIGAZ2Y (KS teWipeNdurBs/al dpité 550C. Wccandigly| vilieS R |
developed a design strategy which is based on the controlled modification of microstructure by alloying major
amounts of Mn and minor amounts of Pd. By performing appropriate heat treatments we were abledga desi

a new class of biodegradableddncPd alloys [3] that, in addition to improved mechanicalp@dies, show

an increased degradation rate in agueous solutions. We present in this study the influence of isothermal aging
experiments on the micistructure and mechanical properties of such-Based alloys. A significant difference

in hardness was observed for the alloys with and without Pd, respectively, confirming the strong influence of
Pd on the mechanical properties. The-®thtaining alloys showed a mad increase in hardness after aging in

the ferrite-austenite phase field. Using TEM invediigias, finelydispersed Pdich nanoparticles were
identified in the aged specimens, which appear to be responsible for the significant strengthening of the Fe
Mn¢Pd alloys.

ConcLusiongn this study the aging behavior of biodegradableMe¢Pd alloys was investigated. A significant
increase in hardness was achieved when the alloys were aged in the-farstenite phase field, which was
attributed to the precpitation of Pdrich nanoparticles. The increase in strength of these alloys facilitates the
design of more filigree structures and thus reduces the tissue impact of the implants. As a result less material
needs to degrade, which is a highly beneficialpamty for a biodegradable implant material.

REFERENCHE] M. Peusteret al., Biomater27(2006) 4955[2] J. D. Bolton, E. R. Petty, Metal Science Journal
5(1971) 166[3] M. Schinhammer, A. C. Hanzi, J. F. Loffler, P. J. Uggowitzer, Acta Bi6f28t&0) 1705.
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Corrosion mechanism applicable to biodegradable magnesium implants

Andrej Atrens Ming Liu, Nor Ishida Zainal Abidin

The University of Queensland, Division of Materials, Brisbane Qld Aus 4072
Email: Andrejs.Atrens@ug.edu.au

Abstract

Much of our understanding of the Mg corrosion mechanism is based on research using chloride based
solutions like 3%NacCl, which are appropriate for understand the corrosiomy@lblys for applications such as

auto construction. These chloride solutions are quite aggressive. The chloride ions tend to cause break down
the partly protective surface film on the Mg alloy surface. The corrosion rate increases with exposure time
until steady state is reached, which may take several weeks. We discuss how the understanding so gained can
be used to help understand Mg corrosion for the other application of growing importance to Mg as a
biodegradable implant for medical applications. San$ that elucidate these applications tend to form
surface films and the corrosion rate tends to decrease with immersion time.

An overview is provided of the aspects which determine the corrosion of Mg alloys: (i) measurement details;
(i) concentration of impurity elements such as Fe, Ni, Cu and Cu; (iii) volume fraction, size, distribution and
electrochemistry of second phaseg$y) heat treatment; (v) propensity of the environment to cause surface
film formation and breakdown; (vi) the composition of the alg¥lg matrix, (viii) surface condition and (ix)
stress state and the possibility of stress corrosion cracking (SCC).

Surface condition is equally of importance for auto applications and medical applications. Cost effectiveness is
much more important for auto applications so attention needs to be placed on aspects such as alloy sheet
production so that there is no corrosion @deration by Fe pick up from the manufacturing operation. For
medical applications it is possible to carry out surface conditioning to provide the required corrosion rate.

Intergranular stress corrosion cracking (IGSCC) occurs for Mg alloys with acoetinyous second phase

along grain boundaries. The second phase accelerates corrosion of the adjacent matrix bygatvianic
corrosion. The applied stress opens the crack and allows propagation through the alloy. IGSCC can be avoided
by appropriate Mg Boy design. TGSCC is most likely caused by an interaction of hydrogen (H) with the
microstructure, so a study of-tlap interactions is needed to understand this damage mechanism, and in
order to design alloys more resistant to TGSCC. This understardingently needed if Mg alloys are to be

used safely in service because prior research indicates that many Mg alloys have a threshold stress for SCC of
the order of half the yield stress in common environments, including-pigity water.
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Predictivein vitro assessment of Mdgpased biomaterials

N.T. Kirklan N. Birbili§, G. Dia§ T. Woodfiel&*, M.P. Staigéer

'Department of Mechanical Engineering, University of Canterbury, Christchurch, New Zé&akpattment of
Materials Engineering, Monash University, Clayton, Austriliapartment of Anatomy & Structural Biology,
University of Otago, Dunedin, New ZealafiBepartment of Orthopaedic Surgery, University of Otago,
Christchurch, New Zealandniail; nicholas.kirkland@pg.canterbury.ac.nz

INTRODUCTIONMagnesium (Mg) and its alloys are emerging as potential biodegradable;bé&zihg,
orthopaedic implants.However, due to rapid biodegradatienduced pH changes, the results from industry
acceptedin vitro methods are found to be poor indicators of the true performance of Mg aliloygvo® The

poor correlation betweenn vitroandin vivotest results reduces the value of much of the published literature,
and an overview of possible experiments is badly needed. Several of the most commonly eniploiteal

test methods and their parameters weraviestigated and compared in this work, with the aim of providing
greater insight into their individual benefits and drawbacks. The relative importance of different test methods,
solution types, buffering systems, and temperature are discussed.

MATERIAL ANMETHODSMass loss (ML), hydrogen evolution, ) potentiodynamic polarization (PDP), and
electrochemical impedance spectroscopy (EIS) were used to analyse a variety of different Mg alloys. Simulated
body fluids investigated include a solution with a pljogical NaCl content (0.9%), Hanks balance salt solution
(Hanks), Earles medium (Earles), minimum essential medium (MEM), MEM with 40g/L albumin (MEMA) and
human plasma (HP). Differences in corrosion resistance at room temperature (20°C) comparetiewith t
physiological temperature (37°C), and the effect of physiological flow was examined. Each variable was
systematically investigated to determine its affect on the corrosion properties of a range of Mg alloys
containing calcium, zinc, manganese, zirconamd aluminium as illustrated in the figures below.

PDP and EIS experiments were carried out in a flat test cell containing 300 ml of solution with a three
electrode potentiostat consisting of a saturated calomel reference and platinum counter electrbde. T
exposed sample area was 1 trRor PDP the open circuit potential (OCP) was measured for 15 minutes until it
settled, then a scan rate of 1 mV/s was used from 150 mV below the OCP to 500 mV above. EIS tests scanned
from 10 kHz to 30 mHz with an AC vgitaamplitude of £10 mV for up to 3 days. ML an# ldxperiments

were simultaneously carried out in similar solutions over the same time pehogitro experiments were
compared with selectedh vivodata obtained for identical alloys. The corroded suefagvere characterised

with optical microscopy, scanning electron microscopy (SEM), and edeqggrsive Xay spectroscopy (EDX).

RESULT&ND DiscussiaNEach test used for analysis of Mg alloy performance has its own unique advantages
and disadvantages\ shortened example of some of the benefits and drawbacks for the different methods is
shown in Table 1.

Mass loss tests, depending on the conditions, show potential for predicting an overall corrosion rate for Mg
alloysin vivg but are often an order of magnitude faster and continued work is needed to refine the test
parameters. Figure 1A shows calculated mass loss rates for tests in MEMA and cornouriastests in rats.
Additionally, a dramatic increase in corrosion ré#8-90%) was observed for a range of Mg alloys when the
correct physiological temperature (37°C) is compared with 20°C (Figure 1B).
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Test Method Type

Advantages Disadvantages

Mass Loss (Immersion)

Hydrogen Evolution
(Immersion)

Potentiodynamic Polarisation -

(PDP)

Electrochemical Impedance
Spectroscopy (EIS)

Ease of set up
Concurrent tests possible

Ease of set up

Concurrent tests possible (but more difficult)
Calculated mass loss at any time period
Ease of setup

Instantaneous corrosion rate

Quick to perform

Information on corrosion kinetics and alloy/solutior -

effects

Individual components (coatings, etc) analysed

Non-destructive

Very limited information (Only overall mas:
loss)

Test must be tightly controlled
Limited information
Significant  degradation
measurement possible
Destroys sample surface (Single use)
Forced corrosion, mechanisms niag different
Variable depending on time chosen

Mg corrosion is always localised

occurs before

No direct corrosion rate
May be limited by external factors

1000

Mass Loss Rate (mg/cm”2/year)
g

W Mass Loss (7 Days) -
MEMA

B Mass Loss (21 Days) -
MEMA

® In Vivo (7 Days)

M In Vivo (21 Days)

LiL

m

Difference Due To Temperature (%)

g \)@ v &o' é&; éq;"' &é};
A @‘* B
Figure 1 : Comparison of in vitro and in vivo mass loss data (A), effect of temperature on corrosion rate in MEMA (B)

The Mg alloy corrosion rates in HP were a maximum of 40% | *{ ° EEE;:‘?.:’:J;

than those in the MEMA, but up to 400% less than te: |8’

performed in MEM (Figure 2). This highlights the important effe  |£ . |

that physiologically correct medium plays when screening | |§+] _° u+ I

alloys for bdcorrosion behaviouin vitro. g Prteas 1 e 114
& Ty o21E o

CONCLUSIONSCurrently, no singlén vitro test provides all of the | |]7  aeete aaet® "o v oot e

required Qata for 'predlctlngl_ V|vppe_rformance. It is vital tq carry W“ R :;-ﬁ%ﬁf@ Ww

out experiments in the mosn vivelike environment possible as LY WS g%;fi"’

demonstrated by the influence of

parameters such .
temperature and medium composition. It will be criticall
important to identify and better understand the relative
importance of test parameters required in the design ofgcéive
in vitro biodegradation analysis of Mg alloys. Understanding not only how each variable affects the results, but
also what each experiment can elucidate about the corrosion process is key to the successful implementation
of in vitrotests.

Figure 2 : Corrosion of alloys in solutions ¢
37°C

REFERENCEEL] M. P. Staiger, A. M. Pietak, J. Huadmai, G. Biamaterials2006, 27, 17281734; [2] F. Witte,
J. Nellesen, HA. Crostack, V. Kaese, A. Pisch, F. Beckmann, H. WindBaxyeaterials2006 27, 10131018.
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CALPHAD studies amermodynamic stability of calcium, zinc, and yttrium doped
magnesium alloys in aqueous environments

Kaisheng Wt#2 Omer N. Dogdr, Oleg I. Velikokhatrifi Prashant N. Kumt4®

'National Energy Technology Lab, 1450 Queen Ave SW, AlbaBy3@R USAURS Corp, PO Box 618, South
Park, PA 15129, USiDepartment of Bioengineering, University of Pittsburgh, Pittsburgh, PA 15261, USA
“Swanson School of Engineering and School of Dental Medicine, University of Pittsburgh, Pittsburgh, PA 15261,
USA %kaisheng.wu@netl.doe.go¥omer.dogan@netl.doe.qofolv3@pitt.edy  pkumta@ pitt.edi

Introduction: Magnesium has attracted the attention of the kiedical society as a potential candidate for
biodegradable metals in stents and orthopedic applications. Its application, however, has been severely
restricted due to its rapid corrosion wh exposed to human body fluid. It is thus imperative to engineer Mg
based materials by alloying with bammpatible metal elements such as Ca, Y, Zn, etc., in order to optimize
their corrosion rate in electrolytic and aqueous environments.

Recent ab-initio study based on Density Functional theory has been carried out to determine the
thermodynamic stimuli of the hydrolytic reactions between different -Mased alloys in pure water [1].
According to this study, small amounts of doping elements, such an€¥ accelerate the hydrolysis in
comparison with pure Mg, while Zn has an opposite effect (significantly decrease the driving force for the
reaction). However, various experimental studies point out the drastic abatement of corrosion resistance of
the Mgalloys in the presence of biological environments containing different anions, such HE€@| HPG?,

SQ? (for example, [2]).

A directab-initio study to investigate the simultaneous effect of the above mentioned ions on the hydrolysis of
different Mgbased alloys is virtually a formidable task requiring significant computational resources. However,
it is possible to obtain a quick and elegantusioin to identify the chemical processes occurring at the solid
Mg-alloy and biological aqueous solution interface. The CALPHAD technique [3] utilizing different
comprehensive thermodynamics databases allows one to computationally obtain thermodynamibragui

states of the system and provide correct information about stable and/or metastable products forming at the
surface of alloys and in solution.

Calculations:The current study hence utilizes the above mentioned CALPHAD approach and investigates th
chemical reactions of MX alloys (X = Ca, Y, and Zn) with different fluid environments. To validate results of
the previous aknitio study [1], we first studied the chemical stability of Mgalloys in pure water. A very
good agreement between CALPHAMY firstprinciples results has been obtained, as both calculations reveal
that Ca and Y tend to increase the driving force of Mg to form the hydroxide, while Zn has an opposite effect.

We then extended our investigation into the other aspects and reaction with human blood fluid as well (ion
concentrations in the human blood plasma are taken from [4]). All the initial data used for conducting the
calculations are summarized in Table 1.

Results and Discussioihe effects of alloying elements and compositions on the reaction enthalpies, reaction
products, amount of gas release and gas compositions as well as pH of the fluids have been studied
systematically. For example, Figure la, shdwesenthalpy change for the hydrolysis of different Jdiipys
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with respect to pure Mg. Negative values indicate an increase in the driving force, while positive ones point
out to a lower stimulus for the reaction. In both fluid environments, the resultswsh very similar behavior

for all of these aspects, implying that the use of pure water in the-firstciples calculations may be a feasible
choice for conducting the qualitative thermodynamic analysis, at least for the binary alloys. Besides Mg(OH)
other hydroxides and oxides Ca(@HYnO and X0; are found to form during the reactions of the
corresponding MeX alloys. Y tends to increase the gas release due to its higher valence state (3+ for Y vs. 2+
for Mg, Zn and Ca), which is shown in Figure 1b.

It should also be emphasized, that the CALPHAD approach though useful in predicting the expected
experimental products and phases under thermodynamic equilibrium, cannot provide kinetic data for all the
expected reactions of Mglloys in aqueous solutiofin particular, the reaction rate). Nevertheless, the types

and the amounts of products precipitated at the surface and/or dissolved in solution could be readily
obtained. This valuable information thus can be used as initial data for conducting furtieesie ab-initio

studies to investigate the kinetic aspects of the variousbidged hydrolytic reactions.

Conclusion:The current research indicates that the CALPHAD approach has demonstrated the capability of
providing abundant information that is eximely helpful for designing suitable Mg alloys with controlled
biodegradation, and can be relatively easily applied to more complicated systems with multiple components
and phases involved in Mg alloys. Results obtained within the CALPHAD approach aswedigndgth our
previousab-initio calculations of Menlloys in pure water [1] indicating the validity of thk-initio results.

AcknowledgmentsPNK and OIV acknowledge the Pittsburgh Supercomputing Center, the financial support of
NSFERC, Grant # EBB812348. PNK acknowledges the Edward R. Weidlein Chair Professor funds. Support
from NETL and DOE is also acknowledged.
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Magnesium corrosiorunder near physiological conditions

R. Willumeit, F. FeyeraberidJ. Fischér A. Schreyér H. Driicker B. Mihailovd H.P. Wendé] N. Hort, K.U.
Kainer
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INTRODUCTIONBiodegradable metals like iron or magnesium are promising candidates for implants. They are
just temporarily needed to mechanically support the healing process of the injured or pathological tissue. In
this conext, Mg alloys for biomedical applications have gained new interest during the last decade. First
applications as degradable stents have been evaluated and are already clinicalljnusmatrast to corrosion
resistant metals the designated complete dedm#ion or corrosion of magnesium alloys in a host specific
manner is the major challenge. In addition timevivocondition is a dynamic and very complex environment
which is difficult to reproducén vitro. This fact is of utmost importance sinicevitro andin vivoobservations
produce in many cases contradicting resultse aim of this study was to determine the influence of biological
molecules such as amino acids or proteins onithétro corrosion of several magnesium based materials.

MATERIALAND METHODSPure magnesium (99.99%), Mg4Y2Nd0.5Gd0.5Dy (WE4®hd a rare earth rich
Mg10Gd1Nd (E11) alloy were produced by permanent mould casting. The alloying elements have been added
as pure elements at a melt temperature of 740° C. The melt thenstited at 200rpm for 20 min and was

cast into preheated mild steel moulds (500° C) to produce cast components with a geometry of
260mm*125mm*45mm. All melting and casting operations had been made under protective -@a3%SE
Metallography has beeperformed as described by [1]. Samples of 5 mm diameter were made by electrical
discharge machining.

Due to the low weight of the samples (~0.05 g) the osmolality measurements were performed in 1 mL of the
respective solution (amount of metal 4x lower thaiS |j dzZA NER 068 Y2 NXI G§ABS LINROSH
oFtlFyOSR alfid az2tdziazy ol . {{0 I yR-l (®MEV, BainCcanamingY 2 RA ¥
10% FBS were used. pH changes were monitored online usingl@m@del SDR SensorDish Reader &

plates with integrated pkelectrodes (PreSens GmbH). The osmolality of the solutions was measured using a
Gonotec 03D cryoscopic osmometer and by tOES. Additionally the influence of oxygen content during
corrosion was analysed.

Element analysis byt@m probe experiments were performed on water free polished surfaces for samples
incubated in HBSS and DMEM (with and without FBS). Hemocompatibility tests were performed with fresh
human whole blood in a modified Chandleop model and activation of platets, coagulation and
inflammation were determined.

ResuLTsDepending on the material HBSS showed a higher corrosion potential than DMEM. This was even
decreased when protein molecules were present. Without proteins the pH in the corrosion media veak rais
above 9 and the mean of the calculated osmolarity was 51 mM for pure Mg, 52 mM for WE43 and 63 mM for
E11. With proteins both parameters were decreased.

The element release during corrosion was not uniform. Determined bYDE®an initial release of magnesium
was prevalent, the release of other alloying elements was delayed. This feature is modulated under the
influence of proteins.
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The element distribubn at the surface of the specimen is significantly altered under the influence of proteins
and the decrease of corrosion by proteins was clearly visible.

After 90 min contact with human blood in a dynamic flow model, thé démcentration in serum raiseap to

10fold elevated values compared to initials. Hemocompatibility assays showed a moderate coagulation and
platelet activation, however, elevated concentrations of Pklbistase and complement factors were
detected, reflecting an offriggering of proiflammatory processes.

DiscussioN ANBDNCLUSIONS he magnesium corrosion speed is influenced by the composition of the corrosion
medium and explicitly by proteins. The corrosion rate can be altered significantly depending on the treatment
of the specimenThe ultimate goal is the establishment of a reproducihleitro testing system which can be
correlated toin vivoresults.

REFERENCERL] Kree et al.: Practical Metallography 41 (2004) 2236.
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Corrosion behaviour of powder metallurgivig with fluoride treatments in chloride
solutions with and without phosphates

C. Alonsg J. A. del ValfeM.D. Peredi M. Gamerd, M. Fernandez Lorenzo de Méle

nstituto de Investigaciones Fisicoquimicas Tedricas y Aplicadas (INIFTA, CCTAGNPGET Facultad de

Ciencias Exactas, UNLP, C.C. 16, Sucursal 4, (1900) La Plata, Argentina y Facultad de Ingenieria, UNL|
(mmele@inifta.unlp.edu.dr Dto de Quimica Fisica Aplicada, Universidad Autbnoma de Madedrid,
Espaﬁa?Dto de Metalurgia Fisica, CENIM, CSIC, Madrid, Espafa.

INTRODUCTIONMg is one of the trace elements existing in the human body that has been proposed for
temporary implants materials elude the inconveniences of nategradable internal fixation implant$ure

Mg eludes the inconveniences of toxic components of magnesium alloys but has excessively high corrosion
rate and insufficiently yield strength. In the present wavlg reinforced by a powder metallurgy (Mg(PM))
route was evaluatedMg(PM) has a yield strength of 280 MPa, considerably higher than that of pure cast
magnesium and close to the values obtained for the widely used AZ31 Mg alloy. To impraargson
resistance of M(PM), different inhibition treatments have been proposed. Among them immersion in KF
solution seems to be promissory since it is Jomst, nontoxic, simple and easily handled for biomedical
applications.The aim of this work is to assess the effectstdbigde and phosphate ions, at the concentration
level of biological fluids, on the degradation of the conversion coating of fludrigdeed Mg(PM) in order to
contribute to the elucidation of the complex corrosion mechanism efréated Mg in body flds. With this
purpose, simple synthetic solutions that are frequently used to simulate biological media were employed as
electrolytes: 8gtt NaCl and a chlorideontaining phosphate buffer solution (PBS).

MATERIAL AND METHODSagnesium powder (99.8%, 32%sh) were supplied by Alfa Aesar. The powders were
cold-pressed; the resulting compacts of 40mm in diameter were extruded in the form of bars atC420
employing an extrusion ratio of 16:1. Mg(PM) samples were treated with 0.1M KF (Mg(PM)A) and then
immersed in 8gil NaCl (Mg(PM)B1) or in PBS [((8 g | 1 NaCl, 0.2 g1 1 KCI, 0.2 POl Kb g | 1
NaHPQ), Mg(PM)B2]. Conventional electrochemical techniques (open circuit potential (OCP) measurements,
potentiostatic and potentiodynamic polarizationneé electrochemical impedance spectroscopy) were
employed to investigate the corrosion behaviour of the metal according experimental details previously
reported [1], complemented by SEM and EDX analysis.

RESULTS ANDISCUSSIONEIS results obtained witMg(PM) samples pretreated with 0.1 M KF for 1h and
performed under OCP condition are shown in Figure 1. The Nyquist diagrams (Fig. 1a) show, a semicircle
corresponding to the charge transfer resistance limiting process related-tmrtaining coating/eletrolyte

interface (Ry. At low frequency, an inductive behavior was observed, usually associated with ion adsprption
desorption in a corrosion process.

The impedance modulus Bode diagrams (Fig. 1b) revealed a plateau at high frequencies. The impéaance v

Ay G(GKA& NB3IA2YS 6AGK . Tn 3IAGSE GKS St SO0 NBAIMHAS NB A
the slope can be attributed to one capacitor in parallel with a resistance corresponding t -tlentaining
coating/electrolyte interface.

EIS spectra obtained in 8-gLNaCl (Mg(PM)B1) and in PBS (Mg(PM)B2) showed significant differences. In the
case of Mg(PM)B1, at high frequencies, the Nyquist plot showed a capacitive behavior associated with F
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containings i FAf Yk St SOGNERt & & ®r Ry $ignBidddfly Iawer thar thiaKobtpined in R8O Y
(Mg(PM)B2, RI' m T ¢ ¢b?). Ktdol Yrequency the impedance diagrams exhibit one inductive loop due to the
corrosion process induced by chloride. On the othand, phase angleg X (-41.41 for Mg(PM)B1-60.05 for
Mg(PM)B2) and the-Zslopes values-§.52 and-0.70 respectively) are in agreement with an increase in the
capacity character of the interface (Mg(PM)B2, C=1.39k1¢hY).
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Figure 1EIS spectra, Nyquist (a) and Bode (b) plots of Mg(PM) immersed 'ijn\&@f( )and PBSJ after the immersion
in 0.1 MKF for 1h.

Table 1.EDX analysis of Mg(PM) treated with 0.1M KF for
h (Mg(PM)A) and then immersed in NaCl (8 g/L) (Mg(PM)E
or PBS solutions (Mg(PM)B2) for 2 hs.

Table 1shows the results of EDX analysis of Mg(P
samples that were pretreated in 0.1M KF solutiol
for 1 h before (A) and after (B1 and B2) tt
immersion in 8 gt NaCl (B1) and in PBS (B:

Interestingly, the O/Mg atomic % relationship i | Element Mg(P_M(?A Mg(_Pl;/I)BA Mg(_PD/I)BZ\
significantly highe0.131) for the A samples thar | (@) Atomic% | tomic% tomic%
for B samples (1.190 and 0.456 for B1 and I | O 10.55 53.35 29.22
respe_ct_lvely), lndlcayng the dissolution of_-C S 8.99 115 12
containing products in the presence of chloride

with a more significant effect in the case of E | Mg 80.38 44.84 64.09
samples where the atomic % of @ 0.66%, [p 0.00 001 2 45
markedly higher than that obtained in PBS (0.09¢

Importantly, the F/Mg atomic % relationship of thi cl 0.03 0.66 0.09

A samples decreases after the immersion in tl

chloride solutions [from 0.112 (A) to 0.025 (B1) or 0.064 (B2)]. Again a less effect of cbioritie
degradation of the coating was observed in the case of B2 samples. Table 1 also shows-toatainihg
compound is formed in the case of PBS. Results are in agreement with the complementary data obtained by
potentiostatic and potentiodynamic el&ochemical techniques (not shown) and also are according with
reports of industrial applications oftfeatments that include phosphating [2].

ConcLusion®Results show that the Feontaining conversion coating of Mg(PM) is degraded in the presence of
chloride level close to that of the body fluids. However, phosphates (at concentrations close to that of
biological media) hinder the chloride action and improve the corrosion resistance otftiteated samples.

REFERENCH4] M.D. Pereda, C. Alonso, L. Burgaperilla, J.A. del Valle, O.A. Ruano, P. Perez, M.A. Fernandez
Lorenzo de Mele, Acta Biomater 6 (2010) 17782 [2] wl dza OKZ 2 & G ¢KS t K2a LK GA
International, Metals Park, and Finishing Publicationsldidisex, 1990
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Three in vitro electrochemical testing methods for bioabsorbable metal stents

Charles Denglon Stinson, Torsten Scheuermann, Stefanie Suckow

Boston Scientific Corporation, Maple Grove, Minnesota, USA 583hdil: dengc@bsci.com

Abstract

A stent is a wire mesh or polymer tube structure serving as a scaffold to keep an occluded vessel open. It is
hypothesized that if the stent could be harmlessly removed after servirmuifsose, there may be no chronic
affects to consider [1]. Stents made of materials which can be converted into minerals and adsorbed by the
body are ideal alternatives, and are called bioabsorbable stents. Pure iron [2] and magnesium alloy [3] stents
were reportedly implanted in animals in Heart in 2001 and 2003, respectively. Furthermore, a clinical trial
where the coronary arteries of 63 adults were treated with 71 magnesium stents across eight centers was
conducted, and the results were published meTLancet in 2007 [4].

Three types of corrosion analyses were applied in bioabsorbable metal stent testing. Potentiodynamic
polarization measurement provides some insight about corrosion behavior, and predicts corrosion rate based
on a short testing time. Simple immersion testing shows the effect of time on the degradation rate.
Immersion testing results are presented by mass loss per area as a function of immersion time. In order to
generate an accurate immersion testing mass loss data, some sampleshaned in hydrochloric acid with
hexamethylenetetramine for 5 minutes after immersion, then rinsed with deionized water before they were
weighed a second time. Electrochemcial impedance spectroscopy (EIS) reveals corrosion resistance and
physical behaior of a solidiquid interface. Other material characterization, such as surface morphology,
degradation mode, and species formed on the specimens were analyzed usiFigCEEMPS, and ICP.

The corrosive environment of body fluids can generally beilsited by a 0.9% NacCl solution containing small
amounts of other inorganic salts at a temperature of°87 Electrochemical characterization of bioabsorbable
metals was performed in saline (0.9% NaCl), phosphate buffered saline (PBS), simulated b¢8BMHyidand
swine fluids at 37C. SBF is a more commonly used aqueous solution in recent in vitro testing that mimics the
ionic composition and the pH value of human blood, but does not contain large particles such as proteins,
lipids or blood cells. Heever, body fluids contain different types of biaolecules and cells, which may attach

to the biomaterial surface and affect the surface reactions. In order to compare the in vivo environment to
animal implantation in swine, swine albumin can be addeth&test solution to simulate an in vivo condition.

The degree of protection of the passive film identified by potentiodynamic polarization curves may influence
the rate of iron transfer through the film (Figure 1), as well as the stability of theafjainst dissolution.
Localized breakdown of passivity of the Fe stent leading to fast dissolution at the site of breakdown was
observed in both PBS and SBF solutions. According to EIS measurements and modeling, a duplex layer model
with a passive film famed in phosphate buffered saline seems to be essential (Figure 2), which agrees the
results in reference [5]. This surface passive film composed of mixed sodium and iron phosphate as
determined from XPS analysis.

Currently, both iron (Fe) and magnesiiMg) metals and their alloys are candidates for bioabsorbable stents.
The three investigated methods can be applied for screening and selecting materials for degradable metal
stent development before going further to in vivo assessments. In vitro expatininherently lack a direct
correlation to the real case, whereas a reasonable simulation of the in vivo case is still a challenge.
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Figure 1. Potentiodynamic polarization measurements of iron stent in Saline (red) and PBS (blue) solutions.
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Figure 2. Nyquist plot of iron stent in PBS solution.
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INTRODUCTIONT here is an eveg growing number of developments that aim to bring novel functionalities of
natural polymer coating systems on biometalMagnesium alloys have shown potential application for
biodegradable implant materials due to their biological performance [1] and biodegradability in
bioenvironments [24]. Magnesium alloys have also been suggested for orthopedic implant application due to
their low density, inherent biocompatibility, and suitable mechanical properti®scently, interests have
focused on coating these implants with bioactive, biodegradable materials and also use these coatings as
controlled release delivery vehicles foogrth factors, genes, drugs etc. to improve the surface functionalities.

In the search for bioactive, biodegradable materials coating on implants, alginate gels have tremendous
potential due to their unique properties. The analysis of available literandieates that there are no reports

to the best of our knowledge on the preparation of alginate based coating on magnesium based biodegradable
scaffolds. This abstract report the enzymatic degradation of alginate by using alginate lyase enzyme and also
shows the possibility of using these degraded alginates hydrogels as novel bioactive, biodegradable coatings
on different magnesium substrates.

MATERIALS ANIMETHODS Alginate, alginate lyase (Sigma 80

00.025
Aldrich), Dinitro salicylic acid and all other chemicalsehaeen 70 8005
obtained from Fischer scientifi@he enzymatic hydrolysis of o 11 | : 1 1 @
alginate is carried out using alginate lyase (E.C.4.2.2.3). The 7 B (8 8 e

degradation of alginate solution was done by estimating th& 50
amount of reducing sugar formed during the hydrolysiss 40 -
implemerting the Dinitrosalicylic acid (DNSA) method [5]. 0.1
to 0.5 % of Sodium alginate was incubated with 0.025 to 0.05%
of enzyme at 30°C and 0.2 ml of aliquots of the reactio® 20

30 A

et
e
R

mixture was removed at suitable time intervals up to 24 hrs. 10

The reducing sugar ctnt in each sample was then .
determined. In order to determine the biocompatibility of the 1 | 5 3 | 4 | 5 o
enzyme, the cell viability test was carried out. Attempts were Time (hr)

also made to explore the feasibility of degrading the alginate Fig.1.Effect of enzyme concentration on
hydrogel directly instead of alginate olgtion. Alginate degradation of 0.25% alginate

solutions of different concentration were prepared in water

and the enzyme was dissolved in 10mM Bis tris propane buffer (pH 7.5).The enzyme solutions and the alginate
solutions were mixed thoroughly and added immediately to £@&C3M) solution. Addition of alginate and
enzyme containing solution to the Cafélhds to the formation of hydrogel.

REsULTS ANDIscussiong-igure. 1 shows the effect of enzyme concentration on degradation of alginate
solution. The result indicates that the pentage of degradation is high at low concentration of enzymes. For a
certain enzyme concentration the degradation percentage of alginate decreases with increase in alginate
concentration. This may be due to the fact that the lower concentration of algimay have good interaction
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with enzyme which leads to the efficient degradation of 120.00
the polymer chain compared to the concentrated alginate
solutions. A maximum degradation of 68 % was obtained
at 0.25% of alginate with 0.025% enzyme (Fig. 1). Thi§ go.00 -
maximum degradation was obtained during the initiaB2
hours of reaction and after that the degradation appears3 60-00
to be comparatively slow. >

100.00 - vz I o O o

lity

\Y

Ce

Fig.2 shows the results of the cell viability of alginate 20.00 -
lyase with MC3T3 cells after 24h. The cell viability results
clearly demonstrate that the alginate Iyase is

biocompatible and does not influence the cell growth 0.1 0.075 0.05 0.025 0.00% Control
adversely Alginate Lyase (%)

0.00

Fig.2: Effect of Alginate lyase on ce
viability with MC3T3 cells

Fig.3 shows the resultsfothe degradation of
alginate hydrogel with alginate lyase enzyme. The
viscosity and mechanical stability of the hydrogels

) ~ appears to considerably decrease with time. This

Pl 3 Alginate hydro%-el boads (5 1 o0 observation clearly indicates that the enzyme
.. - (1] . .
alginate without enzyme, (b)1% alginate with qegra(_jes_ th? alginate h){dmgels- Dégdi

0.025% enzvmeafter 3h investigation is currently being conducted to

evaluate and understand the rate and amount of
degradation of the alginate hydrogels with time
and the role of enzyme concentration on the degradation kinetics. Furthermore, use of these degraded
alginatesto coat the different amorphous and crystalline magnesium bas&dsgaffolds and detailed analysis
of the coating characteristics will be presented and discussed.

CoNcLUsioNThe above results clearly demonstrate that enzymatic degradation of alginatebecaised to
synthesize hydrogels with controlled degradation undewitro and possiblen vivoconditions. These novel
hydrogels can be used not only to control the degradation characteristics of tHealstd alloys but can also
be used to perhaps impu@ the osteoinductivity and osteoconductivity of these scaffolds.
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acknowledges the Edward R. Weidlein Chair Professorship funds.
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Biodegradable Mg and Mglloys: Corrosion andiiocompatibility
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INTRODUCTIONMg-based materials corrode in aqueous biological environments and are of growing interest for
use as biodegradable implants (for a recent review see Ref. [1]). For a successful and bjokafica
application, a thorough understanding of the corrosion behairnovivois required but is currently lacking. In
particular, the effects of proteins and cells on Mg corrosion are unknown. Moreover, the effect of Mg
dissolution on the biological eironment needs to be characterized, as the corrosion reaction is coupled with
H, gas evolution and surface alkalization. In order to tailor the corrosion rate and the biological performance,
novel Mg alloys are being developed, or alternatively, the serfaf conventional Mg alloys is being modified.
The aim of our study was to elucidate the interactions between corroding Mg (alloy) surfaces and cells, by an
interdisciplinary approach of electrochemistry, surface modification and analysis, and celk ctdsting.
Effects of alloying and specific surface treatments on the corrosion behavior and biocompatibility were also
explored.

MATERIALS AND METHOBZperiments were carried out on-&yi)g as well as on commercial WE43 and AZ91 Mg
alloys. Corrosion behawr of the materials was studied in simulated body fluids and in cell culture medium, in
the absence and presence of cells on the surface [2]. Corrosion rates and corrosion modes were characterized
from Mg ion release measurements, fas collection, pH measurements of the medium, electrochemical
techniques, and various surface characterization methods. Different types of surface treatments, including
simple chemical passivation or soaking in simulated body fluids, were exploreddiregdheir ability to
optimize the corrosion behavior and biocompatibility. In addition, Mg surfaces were functionalized with
protein layers using silane coupling chemistry. The effects of cell layers on the corrosion behavior of Mg were
investigated by @ctrochemical impedance spectroscopy on-celered surfaces.

RESULTS ANDISCUSSIQNT he surface of ¢Mg, without any surface modification was far too reactive for cell
adhesion and survival. Cytotoxicity testing indicated that highchbtgcentrations- corresponding to the
dissolution of the samples in the cell culture mediumid not reduce cell survival. Rather, the single most
important cause for reduced cell adhesion and survival was the increased pH in the cell culture medium due to
Mg corrosion

A viable strategy to achieve cell adhesion on corroding Mg (alloy) surfacesinmniten cell culture conditions

was to reduce the initial surface reactivity. In general, all surface treatments that were able to reduce the
initial reactivity of the stface increased the cell survival rate, but distinct differences were observed between
different types of surface treatments as they affected not only surface reactivity but also chemistry,
roughness, and wettability. For example, Mg samples incubatedffiereht types of simulated body fluids

(sbf) showed a biphasic behavior. During incubation in sbf, the Mg surface was covered by an amorphous
hydrated, carbonated (Mg,C@hosphate layer. Monitoring the cell behavior on such a surface as a function of
time showed that initially strong cell spreading took place, but over time cell death occurred. These findings
indicate that the surface chemistry and roughness of coatings formed by soaking in sbf are initially beneficial
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for cell adhesion and spreading, bafter longer times the high reactivity of the surface induces cell death,
presumably due to the local surface pH increase as these coatings are porous and hence not highly protective.

Electrochemical experiments (op@ircuit potential measurements andhpedance spectroscopy EIS) of Mg
surfaces were carried out in absence and presence of a cell adhesion layer on the surface. The electrochemical
response clearly correlated with the spreading of the cell layer on the surface. The formation of a celhlayer o
the Mg alloy surface significantly reduced the corrosion rate, which we confirmed in a separate experiment by
observing a reduced pH increase with time for Mg samples covered with a cell layer. These experiments
demonstrate that EIS is a suitable toof foonitoringin situthe influence of living cell on corrosion processes

of Mg alloys.

In addition to the surface passivation effects by a cell layer, a strong cornasioging effect was found by
coating the Mg surfaces with proteins. To achieve a hagnegus protein coating on Mg surfaces, we
exploited a silane coupling chemistry of a ©tdrminated Mg surface.

CoNcLusion®ur studies demonstrate that reproducible cell culture experiments on corroding Mg surfaces
are possible, that surface passivatiis a viable strategy to enhance cell adhesion, spreading and survival on
corroding Mg surfaces, and that a cell layer in turn passivates the Mg surface and decreases the corrosion rate.
The most biocompatible surface pteeatment thus far was a combitian of corrosion protection and
biocompatibility by incubation of Mg samples in a proteontaining cell culture medium. This pire@atment

gives sufficient shorterm stability and passivation of the surface to ensure initial cell adhesion, and pravides
biomimetic surface chemistry and morphology to ensure largn cell spreading and survival.

REFERENCE$1] F. Witte, N. Hort, C. Vogt, S. Cohen, K.U. Kainer, R. Willumeit, F. Feyerabend, Current Opinion
in Solid State and Marials Science 12 (20p88-72; 2] C. Lorenz, J. Brunner, P. Kollmannsberger, L. Jaafar, B.
Fabry, S. Virtanen: Acta Biomaterialia 5 (2009) 2748,
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Bioreactor test set up foin vitro cytocompatiblity testing of magnesium materials

J. Fischér R. Portnet, F.Feyerabend N. Hort, K. U. KainérA. Schreyér R. Willumeit

!GKSS Research Centre, NPanck Str.1, 21502 Geesthacht, Germdavljne.fischer@qkss.déHamburg
University of Technology, Denickestr. 15, 2ZLBHamburg, Germany

INTRODUCTIONMagnesium (Mg) is highly suitable as future material for medical applications such as
0A202YLI GAGES YR 0A2RSANIRIOGES AY Ldhodwus sindar o BonR S 3 NI
and is an essential element for the human body and in consequepcemising candidate as implant material

for orthopaedic applications. In order to test differently designed magnesium alloy materials, the ISO
standards 10995:5 and 10995:12 were used in a first approach. A central point is the preparation of extracts
from the materials. However, the application of these standards on degradable magnesium materials is
problematic because they can lead to extracts with very high osmolalities avalpels, which kills the cells

by osmotic shock. In order to get closer teetim vivosituation and to obtain reliable results, we propose to

use a bioreactor test system. In this study we used a specifically designed flow chamber system in combination
with appropriate viability assays for Mg materialsewaluate suitable testingolutionsfor magnesium alloy
materials.

MATERIAL AND METHOO%1e bioreactor test set up is builgh by a pumping system and a flow chamber which

is designed like a normal cell culture plate with 16 wells from which 4 in each row are combined. Thadight

left outermost wells are used for the flow in and out. 4 different media bottles can be connected. Each bottle
serves for 4 wells in a row. The flow was optimized and set to 1 mL/min. As test media DMEM Glutamax cell
culture medium with 10% FCS, physi® 3A OF f &l € 0 az2tdziAz2y ol ly1Qa olftly
and without Mg) and simulated body fluid SBE2 (following protocol dfil]) were used. The flow chamber is
placed in an incubator which enables a measurement under cell culturdittans (37°C, 95% humidity, 5%

CQ and 21% ¢). The magnesium material MgCa0.6 was produced by permanent mould chill casting. Samples
of 10 mm diameter and 1.5 mm in height were made by electrical discharge machining. Pure titanium served
as reference mizrial. Before incubation with cells the titanium and magnesium materials were preincubated

in the bioreactor for 2 h and then dried over night. 75.000 primary isolated osteoblasts were then delivered on
each magnesium and titanium sample and adhered fbn8n, followed by a 2 h incubation in the bioreactor
under cell culture conditions. A live/dead staining (test kit for mammalian cells, Molecular Probes) and a DAPI
staining in combination with a fluorescence microscope was used to determine the viabitityadhesion

profile of the cells on the magnesium and titanium materials.

ResuLTsPreliminary results of osteoblasts on titanium and MgCa0.6 samples (n=4) showed a medium
dependent adhesion and viability. On the reference material titanium in cellreuihedium and SBH.2, the
osteoblasts showed an outstretched phenotype and the viability averaged at 97:49@+amount of living

cells in relation to the total number of adhering cells) in cell culture medium and 89440+h SBBL2. In case

of the MgCa0.6 samples in cells culture medium andJERBRhe cells also showed an outspread phenotype
and the viability averaged at 97.9% 6/7 (cell culture medium) and 93.1% 3/9 (SBBL2). Pure titanium and
MgCa0.6 both in HBSS led to cytotoxic rssulhe osteoblasts showed a spherical phenotype and the viability
averaged at 72.7 +/10.3 (titanium) and 56.0% +20.5 (MgCa0.6).

Discussianrhe preliminary results of the bioreactor test show that cell culture medium and the simulated
body flud SBRWV[ H | NB adzAdl 6fS YSRAI F2NJ GaReylYAO0¢ Oeidz2iz2
HBSS is not. The HBSS is lacking proteins, calcium and magnesium supplementation which could be the reason
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why the cells tended to die in the HBSS solution. Usingva ¢hamber is a useful tool to determine the
cytotoxicity of magnesium materials. The flow of the medium is a step further to mimicking the in vivo

situation in the human body because the human body regulates and solves the accumulatioraoti®by
dynamic transport.

CoNcLusioNSThe bioreactor test system is a useful tool to assess a cytotoxicity ranking of degradable
biomaterials. The specifically designed flow chamber enables the user to measure 4 different media, 4
different cell types or 4 difient magnesium materials in one measurement.

REFERENCE$1] M. Bohner, J. Lemaitre, Biomaterials 30, (2009) 22759
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Gene expression study of mouse fibroblasts in the presence of degradable iron alloy
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Abstract

Iron based materials are preferable for cardiovascular stent application due to their apgisopiuctility
compared to their counterparts magnesium alloys. However, the predicted degradation rate of pure iron
would be considered slow far cardiovascular stent application. In order to get around this problem, manganese
(35% w/w) was explored as afloying element for iron through powder metallurgical process and hereafter
called FeE35Mn. The measured degradation rate ofF&Mn was reported to be 85% faster compared to that

of casted iron [1]. Manganese can be highly cytotoxic. Here, we explorelvamethod to investigate a
degradable metallic material (DMM) for cardiovascular stent application by establishing a gene expression
profile (GEP) of cells (here fibroblasts) exposed t83Mn degradation products. This GEP could provide us
with additioral information about the mechanism of cell responses in presence of potentially cytotoxic DMM.
Briefly, 3T3 mouse fibroblasts were exposed to degradation products at cytostatic doses of 3.25 mg/ml of Fe
35Mn powder, 0,25 mg/ml of pure Mn powder or 5 mg/ofl pure iron powder (<75 um in diameter) using
tissue culture inserts (3uM pore size) for 24 hours (n=6). RNA was then extracted and gene expression study
was conducted on lllumina bead array platform at the McGill University genome center. Data analysis w
conducted by comparing the GEPs in presence of pure iron or manganese compared to-gtr-alloy.
Up-regulated genes in presence of pure metal were related to transport activity for amino acids, carbohydrate
and sugar, as well as metal ion transigoy oxidoreductase activities, metabolism of sterol, cholesterol, and
reactive oxygen species. Wegulated genes in the presence of-B&Mn were significantly related to
apoptosis and the metabolism of nitrogen compounds, alcohol, organic acids, phasplaic. Moreover,
down-regulated genes in the specific presence of3b&In alloy, were significantly related to electron
transport, monooxigenase activity, and metalloendopeptidase inhibitor activity. GEP study provides clues
about the mechanism behind deadation products effects on cells of the-B&Mn alloy and may help in the
appraisal of its potential for DMM applications.

REFERENCES
[1]H.Hermawan, A. Purnama, D. Dube, D, Mantovaaia Biomterialia 6 (2010) 1893860.
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INTRODUCTIONN recent years, magnesium alloys have been proposed as a potential biodegradable metallic
implant material for orthopedic and cardiovascular application][1 An understanding of the surface
chemistry of these matgals in physiological environments is essential for the development of implants with
optimized biocompatibility and degradation rates. When a biomaterial is implanted in the body it is quickly
covered with a layer of adsorbed proteins. The compositiah gtructure of this adsorbed protein layer has a
strong influence on subsequent cell/surface interactions. It is therefore important to understand how proteins
interact with magnesium alloy surfacek. has been demonstrated that the presence of proteinstlie
corroding medium has an impact on the corrosion resistance of the materé). [However, the surface
chemistry and morphology of the adsorbed protein layers has not been reported. The objective of this project
is to develop a better understandirngf the adsorption of Human Serum Albumin (HSA) on magnesium alloy
surfaces. In particular, the role of the alloy surface microstructure on protein adsorption is exploredyy X
photoemission electron microscopy-PEEM).

MATERIALS ANMIETHODSSample PreparatiorPrior to protein exposure dieast Mg alloy AZ91 plates were machined

into 1 cm diameter discs and were sequentially polished to a 1 micron surface finish with diamond paste. After polishing,
the samples were ultrasonically degreased in acetone follobwednethanol and finally deionized water in order to
remove any excess oil. The polished, degreased samples were placed in a 24 well cell culture plate and covered with 2 ml
of HSA solution (0.1 mg/ml or 0.01 mg/ml) for 20 or 60 minutes. The sampleghveerstatically rinsed for 2 minutes in

fresh water, 5 times, followed by rinsing with running deionized water. The samples were then gently air dried.

Surface Analysi$:ollowing exposure to the protein solution the sample
were analyzed by ATRTIR ad Xray photoemissiorelectron microscopy Amide |, o
(XPEEM). X-PEEM analysis was performed on the softrax 104
spectromicroscopy synchrotron beamline at the Canadian Light Sou ©
ATRFTIR spectra were collected using a Bruker Optics IR microscope ‘ ‘ ‘ ‘ ‘ '
an ATR objeote. Each spectrum is the result of 100 scans at a resolut

0.15 4
co”

Absorbance Units
°
8

of 4 cmi, ®
0.15 H,0

RESULTS ANDIscussiaNPrior to XPEEM analysis, the samples we @

analyzed by ATRTIR to confirm protein adsorption. Figure w0 a0 0 a0 w0 w0 1200

Wavenumbers (cm™)

shows the infrared spectra obtained. The HSA esfee spectrum
(Figure 1c), has two main bands at 1652'cand 1542 cri that

can be attributed to the Amide | and Amide Il bands respectively Figure 1. AFRTIR spdca: (a) magnesium

alloy control, (b) magnesium alloy exposec

The control sample (Figure 1a) has two vibrational bands at 1i to (0.1 mg/ml) for 60 minutes. (c) HSA
cm*and 1402 cril. These bands are due tbet presence of water standard

and carbonate at the magnesium alloy surface from surface

reactions with water and carbon dioxide in the atmosphere. Figure 1b shows the infrared spectrum for a
magnesium alloy coupon exposed to HSA. This spectrum is clearly autionvof the two reference spectra

and confirms the presence of HSA on the magnesium alloy surface aftersioman the protein solution.
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Figure 2 shows the-day absorption spectra for carbon on . 100205048

control sample and magnesium allasamples exposed to HS.
solutions under a variety of conditions.

All spectra have a higher binding energy peak at 290.7 eV that
be attributed to CG (confirmed by ATIRTIR). The intensity o
this peak is highest on the control sample and deogsa:
dramatically after protein exposure.-BEEM is a surface sensitiv
technique with a sampling depth of approximatehl® nm. The
fact that carbonate is still observed on the protein expos
samples indicates that either the protein layer is very thirit is
non-uniform.

A second peak is also observed on the protein exposed surf:
at 288.4 eV. The binding energy of this peak is characteristi
the amide functional group. The intensity of this peak is less
longer adsorption times regardlessf concentration. This
indicates that the amount of protein adsorption is like!
influenced by the corrosion of the underlying substrate. Loni _
immersion times lead to changes in both the surface chemistry Sample; Blue = 0.01 mg/ml HSA (20 min.,
the alloy and the chemistry of the protesolution itself (rise in  ©reen = 0.1 mg/ml HSA (20 min.); Brown
pH, presence of MJ. These factors can have a significa 0-01 mg/ml HSA (60 min.); Orange = 0.1
impact on protein adsorption. mg/ml (60 min.)

Figure 2. Carbon-bay absorption spectra
for samples exposed to H&/Spectra have
been rescaled foclarity: Red = Control

Magnesium alloys have a ndtomogeneous surface structure due to the formation of intermetallic species at
the grain boundaries [5]. The resulting microstructure plays a critical role icdhesion rates and surface
chemistry of these materials.

Figure 3 is a surface map showing the distribution of aluminum
and amide/protein carbon on the surface of a sample after
exposure to HSA. The interconnected aluminum rich pléase
phase (MgAl,) daracteristic of AZ91 is red. The regions
covered with protein are blugreen. It is immediately apparent
from this image that protein adsorption is lowest on the
aluminum rich phase of the material.

This heterogeneous structure of the adsorbed protéayer
could have a significant impact on subsequent cell/surface
interactions invivo. Further studies are underway to elucidate
the mechanisms of protein adsorption on these materials. These
Figure 3. X_PEEM RGB composite may studles_ will enable the devglopment o_f surface modification
Polished Mg AZ91 exposed to HSA in wat strategies to control protein adsorption and cell/surface
(0.1 mg/ml) for 60 minutes (FOV = Zigg). ~ INteractions.
Aluminum (1566 eV) Red;Carbon (288.4

eVv) =

REFERENCE]1] H.S.Brar, M.O.Platt, M. Sarntinoranont, P.I.
Martin, M.V. Manuel, JOM 61 (2009)-34; [2] M.P. Staiger, A.M. Pietak, J. Huadmai, G. Dias, Biomaterials 27
(2006)17281734; [3] X.N. Gu, Y.F. Zheng, L. J. Chen, Bioktagkr. 4 (2009) 18; [4] W.D. Mueller, M.F.L. de
Mele, M.Nascimento, M. Zeddies, J. Biomed. Mater. Res. A 90A (2009088[6] G.L. Song, A. Atrens, Adv.
Eng. Mater. 1 (1999)11.
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In vitro degradationperformance and biological response of biodegradable MgZr
alloys
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State Key Laboratory for Turbulence and Complex System and Department of Advanced Materials and
Nanotechnology, College  of  Engineering, Peking Wsitye  Beijing 100871, China
gxn139888@pku.edu.chnan-421@163.comzhouweiruil989@126.conmyfzheng@pku.edu.cn

INTRODUCTIONBiomedical Mg alloys must have (1) good mechanical properties during its service period as the
bone plates or stents (ultimate tensile strength (UTS) and elongation (Elong.) ofglamismshould be higher

than 250MPa and 15% [1]); (2) Hafe alloying element to ensure the biocompatibility of the implants; (3) a
moderate corrosion rate and the implant should exist not shorter than 3 months. The commercial ZK60 alloy
seems to fulfillall the requirements above. (1) The extruded ZK60 alloys exhibit good mechanical properties
with YS>200MPa, UTS>300MPa and Elong.>15%n (8)essentidbr human andthe releasing of Zn in vivo

was easily absorbed by bioenvironment and did not harmitiyortant organs, including heart, liver, kidney

and spleen tissue]. Zr is considered as a biocompatible element due to the wide application in biomaterials,
such as Z2.5Nband TiNb-Zr alloy [3]. In addition, our previous investigati@howed thatthe addition of Zn

and Zr in magnesium alloys indicated improved strength, corrosion resistance and good cytocompatibility for
osteoblasts 4]. In this paperthe properties of asast and aextruded ZK60 alloy were comparéar the
biomedical applicatin andtheir feasibility as biodegradable materials was discussed.

MATERIAL AND METHOD®e ZK60 alloy was melted and cast by pure Mg (99.95%), puhgZtr and MgMn master

alloy under a mixed gas atmosphere of 8kd CQ. The analyzed chemicabmposition of ZK60 alloy was 5.45wt.%Zn,
0.45wt.%Zy 0.17wt.% Mnand the balance Mg. The -asst ZK60 alloy was further hot extruded into rods with the
extrusion ratio of 17. The microstructure was characterized using environmental scanning electroacopgr¢ESEM,

Quanta 200FEGand Xray diffractometer (XRD, Rigaku DMAX 2400) using a"Cradation was employedThe
electrochemical and immersion tests were carried agtording to the procedure [y | I y1 Qa &2t dziA2y |
Y2RATASR darh DMBNM) &nd PREM added 10% fetal bovine serum (FBS) at 37°C. Cofatigesurface
morphologies before and after corrosion were characterized by ESEM, EDS and XRD. The amount of hydrogen generated
and pH values of the solution was monitored. The rsieg Mg, Zn and Zr concentrations were measured by the
inductively coupled plasma atomic emission spectrometry (Leeman, Profl&BSR-929 and MG63 cells were adopted

to evaluate the cytocompatibility by the indirect and direct assaith the experinent detailsgiven in referencg5]. The

protein synthesis and ALP specific activity were characterized after 5d culture of MG63 cells following the standard
process [6].

RESULTBEND DISCUSSIONSK'S h 0 a 30 | Yy R ,Zn 8a BeydRntifleikftora tB¥R® Batterns of asast
and asextruded ZK60 alloys. The SEM images of theaas ZK60 alloy show coarse grain with the size of
ondmnn>Y3I ¢ 8rodsdzZK60alkySexhbBESt F G A @3S FAYS INIAY OmMUp>YOd

Fig.1 shows the potentiodynamic polarizaticurves of agast and axtrude ZK60 alloy in three different
biological fluids. It can be seen that the-edruded ZK60 alloy shows increased corrosion potential and
reduced current density than that of the @ast ZK60 alloy. In addition, both of ttveo samples exhibit more
L2aAGAGS O2NNRaAA2Z2Y LRISYGAlIf Ay 5a9abC.{ (UKlIy {(Kz2a
OdzNNBy i RSyaArdAasSa 2F GKS (G¢2 alyYLitSa Ay 5a9abC.{ |
solution.
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The hydrogen evolution rate of @sist ZK60 alloy decreases fast in the initial 10h and then slowly increased
thereafter (Fig.2). Aextruded ZK60 alloy shows similar hydrogen evolution behaviour initially and the
hydrogen evolution rate, much slower than that ofe@esst ZK60
alloy, indicates minor fluctuation thereafter (Fig.2). The releas
of Mg and Zn ion shows similar sequence as the dyein
evolution result. After 20d immersion, the -agtruded ZK60
alloy shows relative smooth corrosion product layer covered
the sample composed of C, O, Mg, Ca, P, Zn. The XRD r
indicate that the corrosion product of the @ast and as
extruded K60 alloy is mainly Mg(OH)

The cytotoxicity test indicates that the -aast and agxtruded
ZK60 alloys exhibit Grade | cytotoxicity 829 and MG63 cells.
After 24h incubation with samples;929 and MG63 cells shov
good adhesion on the sample surface (as shown in Fig.3) ' _ _
filopodia (arrowed) clearly visible. The-@ast and asxtruded 193 The representative SEM image of MG
ZK60 alloy shows reduced protein synthesis but increased cells adhered on aextruded ZK60 alloy
specific activity than the negative control.

GoncLusioN1)The asextruded ZK60 alloy, with fine grain size, showed reduced comasite than ascast

wYcen Ftfz2e Ay IFy1Qa az2fdziazy PFPrgRnhKS ThOaskdadadsz y NI
SEGNHZRSR ®%Ycn lfft2& AYRAOFGSR RSONBIF&SR O2NNR&AZY
DMEM+FBS. The corrosiate of asextruded ZK60 alloy in DMEM+FBS was 0.53mm/yr. (3) Both ibasts

and asextruded ZK60 alloy exhibited acceptable cytocompatibility-8@% cells and MG63 cells.

REFERENCE$1] A.C Hanzi, I. Gerber, M. Sdinhanmmer J.F. &ffler, P.J. dgowitzer Acta Biomater
6(2010)18241833; [2]L. Xu, G. Yu, E. Zhang, F. Pan, K. Yang, JdBMater. Res A 83(2007)7d31; [3]

D.R.S.B. Goodman, J.A. David, V.L. Fornasier, A.K. Mishra, J. BiomedR&4at® 4(2004)33R39; [4] X. Gu,

Y. ZhengY. Cheng, S. Zhong, T,.Blomaterials 30(2009)48498; [5]X. Gu, Y. Zheng, S. Zhong, T. Xi, J. Wang,

W. Wang, Biomaterials 31(2010)109303; [6] S.J. Lee, J.S. Choi, K.S. Park, G. Khang, Y.M. Lee, H.B. Lee,
Biomaterials 25(2004) 4699707.
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Drug-loaded biodegradable polymer coating on magnesium alloy for stent
application

Erlin ZhangChen Ma, Mugin Li, Jing Ma
School of Materials Sciences, Jiamusi University, Jiamusi, 15400Zhiadzhangerlin2009@163.com

Abstract

A drugloaded biodegradable polymer coating, which consisted of biodegradable PHBHHx polymer coating and
Chinese drug, was developed on magnesium alloy for stent application in order to accelerate- the re
endothelialisation and reduce the restenosis. Theobl compatibility and the drug release dynamics were
studied. It was shown that the drdlgaded biodegradable polymer film has an obviously inhibition on platelet
aggregation and thrombosis and an effectively improvement on the antihemolytic property randriti

intrinsic and extrinsic coagulation propertids. vitro drug release results showed that the drug release from

the drugloaded PHBHHXx films exhibited two patterns: burst release and stabilization release. The drug release
in stabilization releasbad a close relevancy and regularity with the degradation behaviors of thelcadgd

films. Moreover, the human umbilical vein endothelial cells (HUVECS) and vessel smooth muscle cell (VMSCs)
were used to assess the cells adhesion and proliferation by td3t and cell morphology observation. It was
indicated that the adhesion and proliferation of HUVECs on the-ldraded films was significantly promoted

and the VMSCs excessive proliferation on the doagled films was effectively inhibited by the resea drug.

It was suggested that the Chinese diiogded biodegradable polymer coating might be an effective method to
speed up the application of biodegradable magnesium alloy stent.
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Microstructure of MgZn-Ca thin film by pulsed laser deposition

SJ.Chung, A. Ro$; Prashant N. Kumta?

Dept. of Mechanical Engineering and Materials Science, University of Pittsburgh, 848 Benedum Hall 3700
hQl NI {GZ tAGGa&o dzNAB Kc3a@pitt.edufDept.ook Bidengihegridy Urfivérsingi & & @

t AGGaA0dzZNBKSE yny .SyYySRdzy I Iff oT1Tnn pkahitd@yitedd 6§ t AG3Ga&Cc

INTRODUCTIOMany recent studies indicated that there is a high demand to des@gtings of metal alloys on
biodegradable metal/metal alloys with adjustable corrosion rates and suitable mechanical properties for
orthopedic and craniofacial implants. Magnesium (Mg) based alloys are considered to be one of the best
candidates for degable implants, however, when these resorb in the body they produce bubbles of
hydrogen gas, which hinder bone growth [1]. Recently, there are few reports showing that tde-Ulg based

bulk metallic glasses are ideal candidates for controlled degradatithe metal implants [2, 3]. This is due to

the fact that amorphous materials have high corrosion resistance in comparison to conventional crystalline
(metallic) structure corresponding to the same composition. Hence, depositing an amorphous layi&até su
amorphous alloys on the magnesium baseD 8caffolds can be very useful to control thaivivodegradation

rate. There are many techniques that can be used to prepare amorphous thin films. Among them however,
Pulsed laser deposition (PLD) hasesalvcharacteristics that distinguish it from other film growth methods[4]
which include: stoichiometric transfer of the target composition, flexibility and fast response, higher
deposition rate, lower synthesis temperature, highly oriented growth of fiimsitu deposition of multilayers,

ease of thickness control. Therefore, PLD is especially well suited for metal/ceramic thin films deposition. In
order to take full advantage of good biodegradable properties as in Mg alloys thin films, studies on the
microstructure of the films are essential. However, there are few such studies in the literature. The present
abstract reports the results of the study of the influence of processing parameters and target on
microstructure of the deposited MgnCa amorphoushin films obtained by PLD.

MATERIAL AND METHODEhe MgoZnis.Ca 0 9 ' p StargetZ hawe (been produced by High Energy Mechanical
Milling (HEMM) and compaction. Commercial elemental powders of Mg (99.8%, <325 mesh), Zn (%7.5%, 6
> YY), Ca (99.5%, <lesh were accurately weighed for the desired compositions and loaded into stainless
steel (SS) vials with 2 mm diameter SS balls with a ball to powder charge ratio of ~15:1 under argon
atmosphere within a glove box. The powders were subjected to miliiray high energy Shaker Mill (SPEX
8000) for up to 6h. The powders were then compacted as 10.0 mm diameter discs for targets. All thin films
were produced by PLD with a 248 nm KrF excimer laser irradiation pulsed at 25 ns FWHM in a high vacuum
chamber witha base pressure of fForr. Films were deposited on amorphous Siall depositions the spot

size was approximatelyx mm, the fluence 8.6 J/cni, the laser pulse frequency 10Hz and the deposition
rate about 2.3 A/s. The target to substratistance was 58 mm, with targets rotated during deposition.
Deposition times were 5, 10 and 30 minutes respectively. Microstructure and phase assemblage of thin films
were examined by Glancing angle and conventiorayXdiffraction (Philips X'pert Pro ti Cukh radiation)

and TEM (Jeol, JEM2000FX) operated at 200 kV for conventional images.

RESULTS ANDIscussIianFig.1 (a) show the XRD patterns of the as prepared milled powder and target made
from those powders. The XRD patterns of x=1 and 3 powdens $ie presence of some partial crystalline
phases along with amorphous phase and the powder for x=5 shows the typical broad diffraction pattern of
fully amorphous phase. All XRD patterns of deposited films deposited for different time periods by PLD are
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shown in Fig. 1b. All of the 5 minutes deposited films show broad diffraction pattern even though powders for
x=1 and 3 have crystalline phases present in the target. However, most of these studies were focused mostly
on MgoZnsCa system as the startinggwder, target and deposited films are amorphous. It should be noted
that this system has already been reported as an ideal candidate for biodegradable scaffold [2]. In order to
evaluate structural properties of these thin films of MgvCa as function & deposition time, PLD
depositions were carried out for various periods. Fig.1 (b) also shows -thg Hiffraction patterns of
MgeoZnssCa Of the target as well as of the deposited films for various PLD times.

For the deposited film for 10 minutes, a fexarrow peaks emerge at around 40°. These narrow peaks become
significantly sharper with increasing deposition time. From these results it appeared that these narrow peaks
were formed by cluster or particles migrating from target. In PLD the target is eataploby laser forming
vapors that are deposited on the desired substrate. The targets used in this study are made by powder
compaction and the roughness of target surface is higher than the typical cast metal targets. This surface
roughness may include s unexpected particles in the plume and these aerosol particles then get deposited
on the substrate. This is in agreement with the observed XRD as with increasing deposition time the thickness
of films, the amounts of particles increase, and hence thensity of the crystalline peaks also increased. In

this case, the crystalline peaks are identified to be Zn for the film obtained with 30 minute deposition in Fig. 1
(b). It seems that Zn can form coarse patrticles easily on thin film because it hashelaiiyh vapor pressure

and low melting temperature compared to Mg and Ca. Fig 2 shows bright field TEM image and corresponding
SAD patterns of thin film of MgZnsCa deposited for 10 minutes of PLD. The bright filed image shows the
presence of unexpecteparticles embedded into the amorphous thin film. Fig.-@lshow that particles are
crystalline and matrix is likely amorphous because of the observed diffused hallow ring in (d) which supports
the XRD results in Fig 1.

GoncLusiong he results presard show that amorphous thin films have been successfully deposited using
PLD. These results indicate that the structure of the target does not affect the formation of the amorphous
thin films in MgZnCa system for certain deposition conditions. Aboveeeain deposition time however,
some crystalline particles were found to be embedded in the amorphous matrix because of the possible
surface roughness of the target. These results however clearly demonstrate that by using optimal deposition
parameters it$ possible to control the structural properties and hence the degradation characteristics of the
deposited amorphous thin films.

ACKNOWLEDGEMENT8Ithors gratefully acknowledge the financial support of IlERE, Grant # Ef8812348.
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The evolution of biocorrodible cardiovascular stent materials

¥ - GKSS

Matthias Peuster

Department of PediatricsSection ofPediatric CardiologyJniversity of Chicago, IL, USA

Abstract

In search of an optimal stent material the development of biodegradable implants has gained significant
interest in the past decades. Whereas research in adult cardiology was centered around the reduction of
neointimal proliferation, pediatric cardiologibave searched for degradable materials to allow the insertion of
stents in small growing children with congenital heart defects to address the current limitations of growth
related restenoses. In search for such materials, cardiovascular stents fronmeoty materials have
dominated the field for many years with mainly disappointing results.

LG 6l a GKS 20aSNBIFGAZ2Y 2F GKS O2NNRaAz2y 2F ORSSYSR
of biocorrosion for the development of cardiovasculaplant materials. Initially, iron stents were evaluated;
subsequently magnesiuiased alloys were introduced. Whereas both materials were proven to be suitable
candidates for the production of cardiovascular stents, they show significant differences egiginds to

corrosion kinetics, biocompatibility and mechanical properties: Magnesium based stents show a rapid
corrosion process that potentially interferes with their biocompatibility. The mechanical properties of
magnesiurrbased alloys are inferior to tlse obtained with currently available bare metahd drugeluting

stents produced from various stainless steel alloys. In contrast, iron stents show a good biocompatibility and
excellent mechanical properties; however, their degradation process is rdther s

Therefore, modifications of alloy components were introduced. 48an and IrofManganese alloys have
recently demonstrated promising results both in vitro and in vivo but the corrosion rate is still not within the
desired range. Magnesiualloys with surface passivation as well as component modification have
demonstrated a decreased corrosion rate; however their biocompatibility and mechanical properties are still
not promising.

This presentation will discuss the currently available alloys with dsgtr their suitability as cardiovascular
implants. In vitro and in vivo data from various modifications of iron and magnesium based alloys is presented.

2" Symposium on Biodegradable Metals
Maratea, Italy, August 31%'i September 3", 2010 Page 53 of 136



OF -
¥ X"A ‘::‘f/_‘_(:j G K s S
i ‘\\i in der HELMHOLTZ-GEMEINSCHAFT

BiodegradableFHAcoated Mg-Znalloy with enhancedinterface bioactivity

Jianan Lj Yang SorlgSaoxiang ZharlgChangli ZhdpXiaonong ZhartgPei Hafy Weiping Jj YaoJiang

!State Key Laboratory of Metal Matrix Composites, School of Materials Science and Engineering, Shanghai Jiao
Tong Uniersity, Shanghai 200240 R? Ching’OrthopaedicDepartment of the 6th People's Hospital, Shanghai
Jiao Tong University, Shanghai 200233, P.R. (Hhirzél: xnzhang@sijtu.edu.cn

INTRODUCTIONSurface modification is one of the most important methods in enirapahe interface
biocompatibility and bioactivity. Currently reported Racoatings on magnesium alloys were mostly irregular
flakelike or platelike [1-3], which is similato the nature bong4]. However, the coatings were not protective
enough as being reported for magnesiwalloys, because of the solubility of-Baoating$3, 5-6]. Fluorine can
stable the solubility by being incorporated into HA crystal structunde owning comparable biocompatibility

In this study, we developed a FHA coating on-Efgalloy and focused on the enhanced interface bioactivity
showed by the animal experiments about early a month and in vitro cellular behavior.

MATERIAL AND METHOBSluoridated hydroxyapatite (FHA) was prepdrutilizing electrodeposition method on

Mg-Zn alloywith a thickness of about-8um. The in vitro cytotoxicity of the ions leeched out was evaluated by

a¢¢ GSad YR Y2NLXK2f23IASaQ 20aSNBIFGA2Y 2y KdzYly o
activity of murine C3H10T1/2 multipotential cells was tested by direct culture on the material. The in vivo
animal test was taken by implanting materials into the femoral condyle of adult New Zealand rabbits. Bone
defects were created firstly using Kirschmpéns with a diameter of 2.5mm, and the cuspidal materials with a
diameter of 2.4mm were implanted into the defects. After a month, the in vivo corrosion morphology of the
implant was studied using Mict@T scan. And SEM images were taken after takingmp&amts out of the

condyle.

RESULTS ANDIscussiaNhe MTT results and morphologies under optical microscope indicated that the cells in
the extracts were normally alive. No abnormal phenomenon was observed. The prepared FHA coating
enhanced one of the njar evaluations of bone formation, ALP level of C3H10T1/2 cells, compared with the
normal culture medium and Mgn alloy without coating. The typical cross sections of the implanig.1
suggested that the FHA coated implants had close direct comtiictsurrounding bone tissues, while there
were still some gaps around the uncoated alldhe coating blended with the bone formations around and
degradation products like in Fig.2, which may indicate a higher interface bioactivity.

ConcLusiongHA coting enhanced the interface bioactivity tfe biodegradable MgzZn alloy. The conclusion
is supported by both the in vitro arghrlyin vivo results.

REFERENCEEL] Song YW, Shan DY, Han EH. Electrodeposition of hydroxyapatite coating on AZ91D magnesium
alloy for biomaterial application. Bterials Letters 2008;62:327% [2] Wang HX, Guan SK, Wang X, Ren CX,
Wang LG. In vitro degradation and mechanical integrity of-2d@a alloy coated with Gadeficient
hydroxyapatite by the pulse electrodeposition prese Acta Biomaterialia;In Press, Corrected Pri@fSong

Y, Zhang S, Li J, Zhao C, Zhang X. ElectrodepositioAPoEdasings on biodegradable Mg alloy: In vitro
biomineralization behavior. Acta Biomatdigln Press, Uncorrected Prog#t] Viswanath B Ravishankar N.
Controlled synthesis of platehaped hydroxyapatite and implications for the morphology of the apatite phase

in bore. Biomaterials 2008;29:485%3; [5] Xu L, Zhang E, Yang K. Phosphating treatment and corrosion
properties of MgMn¢gZn alloyfor biomedical application. Journal of Materials Science: Mal®in Medicine
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2009;20:859%7;[6] Xu L, Pan F, Yu G, Yang L, Zhang E, Yang K. In vitro and in vivo evaluation of the surface
bioactivity of a calcium phosphate coated magnesium alloy. Biemaés 2009;30:151-23.

Figures

CAdom ¢KS Ay @A@2 AYLX kZyalléy @nd (B thLBKA chated - Mifaboy detected byMiclB K S  a 3
scans.

Fig.2 Theén vivo degradation oFHA coated M@n alloy showed by SEM picturegAjthe coating before implantation
and(B)thed2 F GAYy3 | FGSNI 2yS Y2ydKQ AYLEFydldAazy
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In vivocorrosion of AZ31 magnesium screws in a sheep model

A.A. Kayh R.A. KayaF. BeckmarhE. Willbold, F. Witté

Mugla University, Eng. Faculty, Metallurdy&terials Sci. Dept., Mugla, Turkéeurosurgery Department,
Medical Park Hospital, Bahcelievler, Tur,l?é‘;KSS Research Center at HASYLAB, DESY, Noktelstmi&irg,

Germany “Lab Biomech. & Biomaterials, Hannover Medical School, -#on®8orriesStr. 1-7, 30625

Hannover, Germanyyitte.frank@mbkhannover.de

INTRODUCTIONThe most challenging task in the development of biodegradable magnesium implants is the
control of the implant corrosion rate in vivfl]. Since each tissue is a different biological environment,
implants which are placed in more than one tissue are suspected to suffer from even higher corrosion rates
due to galvanic coupling of the environments within the implant. Especially bone sarevptaced in at least

two different tissues: bone (thread) and muscles (screw head). To investigate this effect, magnesium screws
with a homogenous microstructure were investigated in sheep.

MATERIAL AND METHOrtical bone screws were machined franagnesium alloy AZ31 (3 wt% Al; 1 wt% Zn)
extrusion rod to serve as implant material in this study. Each screw was manufactured individually via
machining from an AZ31 extrusion rod of 10mm diameter. Cortical bone screws were machined according to
ASTMF548-02. These screws were implanted into the iliatic crest of sheep. Three months and six month after
surgery, the implants were harvested with the surrounding bone. Synchratidiation based micro
O2YLJzi SR G2Y23N) LKe& 0{ w>/ ¢ Usamplds.aAftetI8xuitiore NdBdiling 2ayfd & St
polymerisation in methymethacrylate (Technovit 9100 N&y5 um thin sections were cut using a RM 2155
microtome. Standard histological stainings were performed: Toluidine blue, von Kossa, TRAP, modified
MassonGoldher trichrom staining. Remainin adzY A Yy A dzy Ay (GKS (GA&dadzsS o6 a RS
0§SOKY Al dzS¢ @

ResuLTSThe results of the microtomography using synchrotradiation displayed the corrosion morphology

of the magnesium screw head out side the shbepe as well as on the screw threads inside the sheep bone.
While the screw head exhibited severe surfamarosion on the convex outer areas within 3 months post
operatively, the outer surface of the corrosion layer was covered inhomogenously by a hghbial
additional cover (calcium phosphate). Just minor corrosion attack was observed on inside areas of the
hexagonal screw shaft. After 6 months the corrosion attack progressed on the whole screw head. The
corrosion layer thickened on the outer convereas of the screw head and the corners of the hexagonal screw
shaft were observed to have lost their shape by heavy corrosion attack. The thickened corrosion layer started
to disintegrate. In contrast, the screw threads exhibit a direct contact to newtyegld microcallus in the screw
pitches, but severe surface corrosion continues even if it was covered by microcallus, after 3 months of
implantation. The brittle corrosion layer appear most prominent on the thread tips, which ywereably
broken due to ocasional loading by the bearing sheep (Fig. 1, black arrows).

After 6 months, it was observed that most of the microcallus was replaced by lamellar cancellous bone
surrounding the magnesium screw threads.

Both after 3 and after 6 months post implantatiche magnesium screws appeared to have maintained their
overall integrity presenting macroscopically a good condition and shépenetallic or aluminium containing
corrosion products could be found inside the bone, the bone marrow or the fibrous capsiitgting that the
corrosion products do not accumulate in the vicinity of the implant but are removed via the blood flow. More
importantly, the magnesium implants do not cause any obvious cellular immunological response. However, a
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granulationtissue typeof a fiberenriched encapsulation ensheathing the original implantation site could be
observed regularly.

Figure 1. 3D image of a magnesium screw after 6 months of implantation in sheep. White arrows indicate severe
corrosion at the screw head, whiltdack arrows show lamellar bone on corroded screw shaft.

DiscussiaNThe threedimensional visualization using synchrotibid RA F A2y oF aSR YA ONRG 2
enabled us to describe the corrosion morphology of engineered magnesium screws for theatiqplas

cortical bone screws in a sheep model. The screw head was covered by soft tissue, while the screw threads
were implanted into the sheep hip bone. No dramatically accelerated corrosion on the screw head compared

to the screw threads were observedowever, a significant higher corrosion rate on the screw head could be
observed. Interestingly, the transition zone where the screw enters the bone has not been subject to
accelerated corrosion.

The histological findings show that even low aluminium amc containing magnesium alloys exhibit
biocompatible properties, when they corrode slowly and mainly uniformly. Furthermore, the local
concentration of bone forming cells around the corroding magnesium screw is matching the observations of
previous expamental animal studies [2, 3].

Concrusiong he influence of the biological environment on galvanic implant corrosion needs to be taken into
account for Mg implant design, even though this effect is limited in the case of AZ31 magnesium screw
corrosion insheep bone.

REFERENCES[1] F. Wite et al. COSSMS 2008;1283 [2] RA.Kaya et al. Burosurg. Spine 2007,6:1449;
[3] F. Witte et alActa Biomaterialia 2010, 6:1792/99.
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Magnesium coating for biodegradable implant application

Pravahan SalunkeFrank Witté, Vesselin Shanbv

2Lab Biomech. & Biomaterials, Hannover Medical School, -#ond8orriesStr. 17, 30625 Hannover,
Germanywitte.frank@mhhannover.de

INTRODUCTIOM®uring the last several years interest in biodegradable magnesium implants has dramatically
increasedln general, biodegradable metals employed as coatings or bulk materials for medical implants offer
significant advantages over conventional rtegradable metals used toddy]. Currently, controlling Mg
properties for implant applications such as streém@ind corrosion resistance is achieved by alloying the pure
metal with a variety of different elements [1,2]. This practice brings some material challenges such as: (1) a
small amount of alloying element added to pure Mg metal increases the corrosiofilja{@) polycrystalline

Mg and related alloys reveal grain boundaries, surface roughness, and structural defects which are more
vulnerable to corrosion [3]. The grains tend to segregate impurities along their boundaries thus amplifying the
corrosion ratewhich enhances evolution of hydrogen causing gas cay\itid$;, and (3) the majority of the
alloying added to Mg are toxic: Ni, Be, Cu, Li, Al, Zn, Mn, [1,2]. We afizathusing high purity (99.998) Mg

as a starting material will provide increased caiom resistance for biodegradable metallic implants. Further,

we expect that changing the coating grain size will affect the corrosion rate of the Mg coating, the related cell
attachment and cell viability in physiological solutions, as well as can thedbreign body responsk Vivo

To prove this we conductec
preliminary In Vitro and In
Vivo  experiments  with
biodegradable Mg coating.

MATERIAL AND METHOD
Figure 1 displays a Physici
Vapor Deposition (PVD) facility A SeT 20,
created to coat single crystal €  Figure 1. Picture the P\&@stem(a); SEM images of Mg coating on Si substrat
substrates with Mg. The coating obtained in Ar at: high &ctor pressure(b); low reactompressure(c)
consisted of Mg crystallites with

different grain size that were control by the reactor pressure. The Mg coating was characterizeRayy Diffraction,
Scanning Electron Microscopy and Energy Dispersive Spectroscopy.
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Figure 2.SEM images of micro single crystal Mg coating in cell culture. The samples were incubated in cell culture media

(DMEM: chloride containing media) + 10% fetal calf serum for 1 and 12 hours in a%¥nG&phere at 37°C. The pH in

this setup is stable at 7.36 due to the gB,CQ balance of the incubator. The Mg crystallites can still be seen after 12
hours in the media.
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corrosion resistance of the coating. An initial start of corrosion after 12 hours was registered in a regular cell
culture environment, which contained aggressive high chloride content (Figuid@&)Mg crystallites can still

be seen after 12 hours in the medi&he observed corrosion resistance of Mg crystallites is very promising,

since the Mg alloy samples from previous studies have shown high initial corrosion rates [4, 5].

Furthermore,In Vivostudies were used to evaluatée corrosion resistance for a period of-28 hours after
implantation, as well as to observe the foreign body response to Mg crystallite coatings deposited on silicon
substrates. We observe that the magnesium crystallites were stablévo for the duraion of 48 hrs
implantation (Figure 3&). The foreign body reaction showed only a thin fibrous capsule comparable to the
fibrous capsule formed around titanium control samples (Figure 3c).

3

s

Figure 3In-Vivostudy of Mg coating of micro single crystallites on Si. The sample was implanted for 48 hrs in a mouse
and extracted for imaging as explained below: Optical image of the Mg coating before implat{&gti®EM images of
the Mg coating after implantatioiib). The coating is well preserved and intact after litn®/ivoexposure. The thickness of
the fibrous capsule after subcutaneous implantation of Mg crystallites (B) in mice were in the same rangéeaasuor
control samples (A) indicating good biocompatibility of the Mg crystal(itgs

DISCUSSIONDur preliminary studies showed that a substantial increase in the purity of Mg dramatically
decreases its corrosion rate. Coatings of high purity micro single crystallites of Mg Ire¥émb and In Vivo
reduced corrosion rates and appear to be promising materials for biodegradable implants. These findings raise
important questions: (1) why do certain crystallite size and related morphology enhance the corrosion
resistance of Mg in a physiological envimmmt; and (2) how do the crystallite size and morphology affect the
cell attachment and viability2Ve plan to address these questions by conductingVitro and In Vivo
experiments with Mg coatings having different grain size.

CONCLUSIONG: state of theart PVD facility has been designed and built for manufacturing Mg coatings with
controlled grain size. The micro single crystallite coating subcutaneously implanted in a mouse was well
preserved after 24 hrgr-Vivoexposure. The results demonstrated praing application of the developed Mg
coating for protecting of implants.
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Fast corrosion oMg-alloy R%6 in bone witlrout clinical hydrogen formation

F. Witte, M. Braunei$, E. Willbold, J. Nellesen S. RemennikD. Shechtmah

!Lab. for Biomechanics & Biomaterials, Hannover Medical School-vanfBorriesStr. 1-7, 30625 Hannover,
Germany, witte.frank@mhhannover.deGlnstitut of Mechanical Engineering, University of Dortmund,
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INTRODUCTIONThe most challenging task in biodegradable magnesium implants is the control of the implant
corrosion rate to prevent uneventful occurrence of subcutaneous or local gas cavities. Thus, the reduction of
the corrosion rate is leading to different strategits solve this task by alloying, processing or coating [1].
However, some efforts to create a more corrosion resistant magnesium alloy is leading to a not fully
degradable implant in the end. Moreover, for some temporary fixation devices, especially daipme
surgery, a fast corroding magnesium alloy would be beneficial that is not producing clinically observable gas
cavities. In this study, we are reporting on a strange observation of fast implant corrosion in bone without the
occurrence of clinicallgbservable gas cavities.

MATERIAL AND METHODBhe magnesium alloy RS66 {8%Znr1%Y0.6%Ce.6%Zr) has been prepared by
casting, rapiesolidification and RExtrusion according to previous reports [2] and was machined into cylinders
of 3.0 mm diameter an®.0 mm height. The cylinders were implanted into both distal femur condyles of New
Zealand White rabbits (NZW). The rabbits got a daily health andayity check until euthanasia. There have
been 5 time groups of each 3 rabbits: 1, 2, 3, 4 and 8 weekmperatively. In total, the gas cavity formation

in 30 rabbit knees was followed every day. The corrosion rate was determined from microtomographies of
explants and according to previous reports [3]. After fixation, embedding in Technovit9100New andisgct

with a rotation microtome, standard histological stainings were performed according to [4,5] to evaluate the
inflammatory and bone response adjacent to the corroding implants.

ReEsuLTSThe RS66 is corroding very fast and no gas cavities could leevethsduring the daily clinical
examinations. The microtomographies revealed that RS66 is loosening about 50% of its metallic volume after 4
weeks and only 20% of the metal is remaining after 8 weeks (Fig.1).

(Not available in the submitted abstract)

Figure 1: Percentage of corroded metallic implant volume at various postoperative intervals.

(Not available in the submitted abstract)

Figure 2: Massooldner staining (A) shows no foreign body capsule after 3 weeks, while active bone remodelling can be
observed in the vicinity of the corroding RS66 (B, arrows)

Although fast corrosion occurred, no infiltration of inflammatory cells (neutrophils, macrophages) were
observed around the corroding RS66 implant (Fig.2A). Moreover, an enhanced bone fornvitg emtid be
detected around the corroding implant as early as 3 weeks postoperative (Fig.2B).

DiscussianThe very fine grain (2um) of the RS66 alloy may allow intergranular corrosion with more
corrosion resistant grains which leads to a fast losshysjzal integrity of the implant but concomitantly only a
minimal amount of magnesium would corrode. However, this hypothesis needs to be proven in further
investigations, but may explain why this alloy is loosening its physical integrity while the ggstiabsrate in
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bone seems to be not exceeded in this rabbit model. However, we could demonstrate the even fast corroding
magnesium alloy RS66 can disintegrate fast without clinically observable gas formation in a rabbit bone and
provides biocompatible betviour with no foreign body reaction and activated bone remodelling.

ConcLusionsSThe fast corroding magnesium alloy RS66 is a biocompatible alloy in bone that needs more
detailed invivo investigation in other anatomical environments.

REFERENCEH] Witte et al. COSSMS 2008, 1273 [2] Guo et al. MS&, 2008, 47266-273; [3] Witte et al.
Biomaterials 2006, 27(71)0131018;[4] Witte et al. JBMR 2007, 81(3]57-765;[5] Witte et al. JBMRA 2007,
81(3)748-756.
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Wireless determination of pH adjacent to biodegradable implamtsvivo

. Bartsch, F. Witté

'Hannover Medical School, CrossBIT, FeagoenStraBe 31, GermanyEmail: bartsch.ivonne@mh
hannover.de

INTRODUCTIONBiodegradable implants for fracture fixation gained increasing attention within the last decade.

In contrast to permanent metal implants they do not have to be removed, which eliminates the need for a
second operation. In order to produce appropriate biodegradable and biocompatible implant material,
attention has to be focused on the arising soft tissue reaction and its concomitant change in the |dsageH.

the local pH value can influence the healing phase, the-ipgiant pH needs tde controlled to obtain a
moderate foreign body reaction [1]. This study investigates the pH changes adjacent to a degrading alkaline
implant material (Mg(OH) and a degrading acidic implant material (a foil consisting of polylactide and
caprolacton)in vivo using the pH sensitive fluorescent dyéahd6)-carboxy SNARE. The emission spectra

of SNARF1 are changing according to the environmental pH and are recorded using a wirelessimaging

system which is capable to analyze the spectral infdiom of the emitted light.

MATERIAL AND METHODEhe pH dependent shift in the emission spectra efaBd-6)-carboxy SNARAE
(Excitation wavelengtid88-530nm) results in two peaks which can be correlated to an acidic (600 nm) or a
basic milieu (650 nm). Therefore, ratiometric measurements (Emission wavelength: 600 / 650 nm) can be
correlated to a pH value in a certain ran@able 1).

Forin vitro evaluation, well plates with different concentrations of SNARBNd standard buffers (pH10)
were measured.

Forin vivoevaluation, we used adult female hairless but immunocompetent mice (strain description: Crl:SKH1
hr). Weinvestigated if locally injected pH standard solutions could be detected by systemically administered
SNARF1. 100 pl ofSNARFL (300 pg/mliwere injected intravenously. The pH standard solution (150 pl) was
injected subcutaneously five minutes later.

Inthe following we implanted a biomaterial that degraded in the acidic rdffgjeconsisting of polylactide and
caprolacton)and a biomaterial that degraded in the alkaline rar{tygg(OH)). We monitored the process of
degradation at day 2, 4, 7, 10, 121, 28, 42, 56 and 70 after implantation by administrating SRARF
intravenously.The pH standardization was used to determine the pH value around a subcutaneous Mg(OH)
implant. Each treatment group was composed of seven mice.

ResuLTSt could be showrthat the ratiometic measurements of-@nd-6)-carboxy SNARR can distinguish
between acidic (pH-8), neutral (pH 7) and alkaline environments (pH3in vitro as well asn vivo(Tablel).

The environment around Mg(OHas determined as alkaline fdine initial implantation period. At day 42
after implantation the pH value shifts in the acidic range when the Mg{@ei)ly dissolvesThe environment
around the acidic foil stays acidic during the complete length of the experimdistologically a tim capsule

has been formed around the degrading implants after 28 days of implantation. No inflammation around both
implants could be found (Figures 1 and 2).
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Tablel: Ratiometric values (mean/A¥) obtained from spectra measured from pH standardsatiwith
SNARF1 in vitroandin viva

pH 3 |4 |5 |6 |7 |8 |9 |10

invitro (1.8 |1.8 |1.8 |1.5 |0.5 |0.2 |0.2 |0.2

0.1 |01 |01
5 14 |5

invivo (6.5 (3.4 (2.3 (0.3 |0.3

Figure 1. Hematoxylin and eosin stained section of the
skin around the implanted Mg(OHat 28 days after
implantation. A thin capsule has been formed, no
infiltration of inflammation cells could be observed.

Figure 2: Hematoxylin and eosin stained section
the skin around the implantedoil consisting of
polylactide and caprolactonat 28 days after
implantation. A thin capsule has been formed,

infiltration of inflammation cells could be observed

DiscussiaNThe use of the fluorescent dye SNARRh combination with the Maestro Systéthhas provided a
wireless option to determine pH values in the environment of subcutaneously implanted biomaterials in mice.
The tissue pH around dissolving Mg(©H) turning alkaline depending on its degradation rate. Thus its
degradation profile needs tbe designed before it can be use as bone scaffold material.

ConcLusiondsing this wireless technique of pH determinatiarvivoenables us to draw conclusion on the
predominant pH during the degradation of biomaterials and provides implication of plosiible impact on
associated inflammation.

REFERENCEFL] L.A. Schneider, A. Korber, S. Grabbe, J. Dissemont, Arch. Dermatol. Res. 298 (2028) 413
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Investigation of corrosion at biodegradable magnesium implants in vivo by solid
state spectroscopy

C. Vogt, H. Driicker G. SchwarZeF. Witté, J. Vogt

!eibniz University Hannover, Institute of Inorganic Chemistry, Callinstr3916Y HannoveF,Department of
Orthopaedic Surgery, Hannover Medical School, AmmraBorriesStr.1-7, 30625 Hannover?University of
Leipzig, Institute of Experimental Physics I, Linnéstr. 5, 04103 Leipzig, Germany

Abstract

The major aim in the development of biodegrétia metal implants is to control the corrosion processiiro.
Biodegradable magnesium alloys represent a novel class of temporary metal implants that cowiseand
possess similar properties like natural bone. Unfortunately, the corrosion rateref pagnesium in tissue is
too high, thus magnesium alloys with varying elemental compositions were investigated in animal studies.

Several analytical methods with high spatial resolution and the ability to analyze the elemental composition as
well as orgaic structures are needed to investigate the degradation process of magnesium implants in bones
on a micre and submicrometer scale during the healing process. Of particular interest are the corrosion layer
and its closest vicinity of only a few micrometeas possible structural changes for example in the distribution

of ionic degradation products as well as of proteins, fatty acids and peptides will probably occur in this area
and influence the iwivo corrosion process. Additionally, the transport aglimination processes of the
corrosion products as well as the involved ionic species are not well explored today.

In this study, we evaluated the applicability of Laser AblationMSP(LACRMS), pX-Ray Fluorescence
Spectroscopy (XRF), Particle Indad XRay Spectrometry (PIXE) and Particle Indi@&eRay Spectrometry

(PIGE) to examine these phenomena on a scale of few micrometers by investigating embedded boene cross
sections of rabbibones after the implantation of degradable magnesium alloys dgoimg REE, aluminum and

other metals and nonmetals (e.g. fluorine). The preparation of matrix matched standards was necessary to
account for the complex nature of the tissues investigated. Finally, samples with implants that remained 2, 6
and 12 weeks, rggectively, in the organism were analyzed quantitatively. The results showed the formation of

a complex corrosion layer on the surface of the alloy and a gradual change in REE concentrations around the
material in the bone.

In addition Synchrotro#based IRspectroscopy (SNR) and Raman spectroscopy with resolution in the low um
region were used to obtain information about the organic substances involved in the corrosion process. We
could show that proteins are arranged in a small layer with only few prirtbgs on top of the corrosion layer
without penetrating the porous layer of degradation products.

From the spectra additional information about the corrosion products could be retrieved.

The presentation will give an overview about the results obtainedRBE containing magnesium alloys and the
adventages and drawbacks of the applied methods.

2" Symposium on Biodegradable Metals
Maratea, Italy, August 31%'i September 3", 2010 Page 64 of 136



s

FORSCHUNGSZENTRUM
in der HELMHOLTZ-GEMEINSCHAFT

FRDAY, SEPTEMBBR

2" Symposium on Biodegradable Metals
Maratea, Italy, August 31%'i September 3", 2010 Page 65 of 136



@';f/-enc\!
;:.;%f* _f_"_(-/J_EJ GKSS
: v in der HELMHOLTZ-GEMEINSCHAFT

Formation of smallsize tubes and material characterization for biodegradable
magnesium stent precursors

Q. Ge M. Vedani*, GVimercati

Politecnico di Milano, Dipartimento di Meccanica
Via G. La Masa 3420156 Milano Italy

INTRODUCTIONMMagnesium is a very attractive material for biodegradable stents because of its relatively low
corrosion resistance in humémdy fluids, and a good biocompatibility of both the metal itself and the
corrosion reaction products {2]. This paper focuses ahe production of stent precursors in the form of
smallsize tubes, by hot extrusion of the AZ31, AZ61, AZ80, ZM21, ZK60 and WE43 alloys. The investigation
here presented is mainly aimed at studying the effects of manufacturing parameters on microstrantlire
properties of the resulting device.

MATERIALS AND METHOO%e experimental activities consisted of a first set of tests, carried out by high
temperature compression testing (from 260 to 450°C with a ram compression speed of 1, 5, 20 e 50 mm/min,
corresponding to an initial strain rate range from-4@o 102 s1), in order to assess the optimal processing
window for the alloys investigated. Microstructural analyses were then performed by optical and scanning
electron microscopy on longitudinal seat® of selected deformed samples to investigate the evolution of
grain size and the occurrence of recrystallization as a function of testing conditions. A second activity, that is
currently in progress, consisted in the design and manufacturing of an hoisen die system that was used

to produce samples of hollow tubes with different size (diameter from 8 down to 2 mm and thickness values
from 2 down to 0.25 mm). The tubes were produced according to the optimized parameters defined during
the hot compresion tests and will be ready for further laser cutting to produce the stent net and for
microstructural, corrosion and mechanical behavior evaluation.

RESULTS ANDIscussionsrom the wide database on higemperature compression behaviour of the alloys
investigated, information could be obtained on the optimal deformation parameters and on microstructure
evolution of the materials during the extrusion, needed to produce the small tubes suitable as stent
precursors. Figure 1 gives an example of the effedtdesting temperature and of strain rate on the
compression response for the ZM21 alloy. For the same material, in figure 2, representative optical
micrographs of the structure found after hot compression at 350 and 450°C, respectively, are depicted. It
shown that in both conditions the alloy underwent dynamic recrystallization, as inferable by the undeformed
(equiaxed) grain shape, and that the highest deformation temperature generates a somewhat coarser grain
size, as expected.

Finally, Figure 3hows a general view of the extrusion die to be used for the production of Mg tubes. Also
depicted are the support as well as a set of matrices and plungers having different sizes for the production of
tubes with different diameters. The system was des@jireorder to exploit a universal testing frame in which

the extrusion die can be installed and press a Mg alloy sample through a orifice to produce small cylinders and
hollow tubes. The die and the sample can be heated by an induction system whose ledt{mgpt shown in

the figure) is located in the arrowed region.
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Figure 1. true stress vs. true strain curves of the ZM21 alloy as a function of temperature and strain rate
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Figure 2. Microstructure of the ZM21 alloy after laimpression (a) at 350°C and 1 mm/min and (b) at 450°C and 2

mm/min.
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Figure 3. Experimental die designed for laboratory extrusion of small Mg tubes suitable for stent prototype
manufacturing.

REFERENCHd] R. Zeng, W. Dietzel, F. Witte, N. HortBawert. Advanced Biomaterials (2008)-BB4 [2] A.

Colombo, E. Karvouni. Circulation 102, (2000}372[3]| ® adz £t SN LYyY bod [/ KIFI{F |y
2009 New Technologies in Vascular Biomaterials. Connecting Biomaterials to Arterial Steu¥ / K| LJG ST
Europrot, Strasbourg, France (2009);23
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Proteomic profile of osteoblastic cell cultured on fluorideoated magnesium
materials
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Centro de Investigaciones Bioldgicas (CIB), Consejo Superior de Investigaciones Cientificas (CSIC), ¢/ Ramiro de
Maeztu, 9. 28040 Madrid’Centro Nacional de Investigaciones Metallrgicas (CENIM), Consejo Superior de
Investigaciones Cientificas (CSIC), ABdegorio del Amo, 8. 28040 Madrid, Spain.

INTRODUCTIONBiodegradability, reabsorbability and osteoconductivity are characteristics of magnésisea
materials, that make these metals attractive candidates for medical use as temporary implants for bone
regeneration [1]. But unfortunately, magnesidpased materials have a main limitation of its use that their
kinetic biodegradation is too fast for biomedical applications. Our group has approached this magnesium
limitation by chemical conversion treatmemt hydrofluoric acid of the metallic surface combining this with
manufacturing process and with the presence of alloying elements. Magnesium fhoodded cast pure
magnesium and AZ31 alloy have shown a good osteoblastic biocompatibility and a biadiegradnetic
compatible with cell culture, making both materials as promising candidates for biodegradable temporary
implants. In our aim to understand the mechanism of cell/biomaterial interaction, we have analyzed protein
expression profile of osteobltis cells cultured on these coated magnesiased materials trying to find
some proteinmarkers that could indicate osteoblastic biocompatibility and bone regeneration.

MATERIALS ANMETHODSSurface modificationPrior to the surface modification procedfe specimens were ground in
water with SiC abrasive paper of successively finer grit down to 1200 grit, followed by ultrasonic rinsing in ethanol and
drying in a stream of warm air. A chemical conversion treatment in 48% hydrofacddor 24 h was @plied on the
magnesiurbased substrates to form a MgF2 layer on their surface. Finally, samples were rinsed with deionised water
and dried.

In vitro cell culture assaysMC3T3E1, a murine osteoblast cell line from mouse calvaria, was used as boneodell.
suspension of 20,000 cell/cm2 was seeded on metallic surfaces, previously UV light sterilised. After 7 days in culture, cells
were fixing by cold methanol and cell DNA was stained by fluorescent labelling with Hoechst 33258, dye that shows
fluores@ence upon irradiation with UV light. After several washing steps, samples were observed by a Multidimensional
Microscopy System Leica AF6000 LX.

Proteomic analysis and twidimensional electrophoresisMC3T3EL cells were seeded (20,000 cell/lcm2) in absence
(control) and on metallic surface of fluoridmated cast pure magnesium and fluoride coated AZ31 alloy. After 7 days of
culture, cells were collected. Cell suspensions were lysate at 4 °C with RIPA
Lysis buffer 1x. 14@g of total protein of each sample were analyzed by tv
dimensional electrophoresis (first dimension: Ready Strip gH0;3second
dimension: Gel of 12 % acrylamide/0.1975 % PDA as crosslinker).

Protein identification by MALDI peptide & fingerprinting and database
searching: Spots of interest from SBDPAGE gels, stained Colloidal Blt
Staining Kit, were excised automatically and digested automatically
trypsin. The digestion protocol used was based on Schevchenlab. [2]
with minor variations. For MALBIOF/TOF analysis, samples we ) )
automatically analyzed in an Autoflex Smartbeen TOF/TOF n  Figuret MC3TSEL osteoblastic cells
spectrometer (BrukeDaltonics) equipped with a LIFT ion selector and ~cultured for 7 days on fluorideoated
Reflectron ion reflector. Data from MALBIS were analyzed to search  ¢ast magnesium. Hoechst DNAistng
non-redundant protein database National Center for Biotechnolo allows an easy way to observe cells or
Information, Bethesda, USA, (NCBI)) using MASCOT software (Matrix Sc metal surface.

London, UK).
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Detection of calreticulin _in cell lysates
Western blotting:50 >g of total protein from

each cell lysates was loaded in 12 % -SI
PAGE and further transfer to PVD
membrane. For positive detection of
calreticulin, an aliquot of NIH/3T3 whole ce e T
lysate was used. After transfer, PVD

membrane was developed using anti Figure2 2D gel electrophoresis of MC3E2 cell lysates from cultures

calreticulin as primary antibody anc growth for 7 days in the absence (left), on fluorideated cast magnesium

TR
R
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horsedish  peroxidase conjugated a (middle) and on fluoridecoated AZ31 alloy (right). Equal amounts of
secondary antibody. Finally, to visizald protein of each sample were subjecteddoalysis. Spots identified by
calreticulin bands, ECL plus western blottir number were analyzed by peptide méasggerprinting.
detection kit was used.
RESULTSDISCUSSION ANGONCLUSIONSMIC3T3EL cells seeded anc t*' "
cultured for 7 days grow and proliferate on metal surface of t ¢
fluoride-coated cast pure magnesium and in the vigindf the
metal, as can be visualized by the Hoechst DNA staining (Figur . '
Comparable results were obtained when osteoblastic cells w L

4

seeded on fluoridecoated AZ31 alloy (not shown).

A comparative 2D gel electrophoresis analysis of whole cell lys Figure 3Western blot analysis of Calreticuli
of MC3T3E1 grown in the absence of metal and in presence in MC3TZ1 cell lysates from osteobastic

fluoride-coated materials were performed (Figure 2). cultured for 7 days in absence of metal an
in presence of fluorideoated cast pure

Several oveexpressed protein spots from 2D gel electrophore: magnesium and fluorideoated AZ31 alloy.
were selected for further protein identification by MAEDDF/TOF Only CRT (two bands) is detected on NIH3
peptide mass fingerprinting and database searching. Amao cell extract (left lane) and on fluorideoated
proteins overexpressed in fluorideoated cast pure magnesiun cast pure magnesium (right lane)

cell lysates, some are proteins involved in metabolism and cell motility. We also found a significant over
expression of a protein identified a=alreticulin, an interesting multifunction protein that acts as a major
calciunmibinding protein. To confirm differences in the expression of calreticulin a comparative Wbt rof

the whole cell lysates of the samples in study was performed (Figure 3)

In addition to NIFBT3 extract used as calreticulin positive control, only fluoridecoated cast pure magnesium
cell lysates samples shown the two typical bands of calreticulin by webtetting. As calreticulin is a protein
with an important role in miaralization [3], a necessary step for bone regeneration, its -exeression
induced by MC3T&1/fluoridecoated cast pure magnesium interaction may be interpreted that this material
could be considered a good candidate biomaterial in order to achievenapboneregenerative therapies.

REFERENCEL] Staiger M, Pietak A, Huadmai J, Dias G. Biomaterials 27 (20061 713282] Shevchenko, A.;
Tomas, H.; Havlis, J.; Olsen, J. V.; Mann, M. Nat. Protoc. 1 (20065@8E3 Somogyi, E., Petersson, U.,
Hultenby, K and Wendel, M. Matrix Biology 22 (2003)-199.
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The development of ann vitro immersion test to predict thein vivo corrosion of
magnesium alloys

J. Walket, T. Woodfiel&®, M. Staige, G.J. Dids

!Department of Anatomy & Structural Biology, University of Otago, Dunegilie474@student.otago.ac.nz
“Department of Mechanical Engineering, University of Canterbury, ChristcHilrepartment of Orthopaedic
Surgery, University of Otago, Christchurch, New Zealand

INTRODUCTIONCUrrently, metals such as titanium and stainlsteels are the gold standard biomaterials for the
repair of skeletal tissue. However, there is increasing evidence that implantation of these metals does not
promote optimal healing conditions. Documented complications have included osteopenia, inflanmati
inhibition of bone growth and poor integration of implafifs As these tend to develop as a consequence of
long term implantation, preventative secondary surgeries for implant removal are often required. The
development of magnesium and magnesium alloys as resorbable biomaterials could potgntailye a
solution to these problems and revolutionise many procedures. Whilst the most appealing property of
magnesium is its corrosion in a physiological environment, this remains the most difficult aspect to
characterizen vitro. The ability to accutaly assess degradation behavidarvitro will allow the selection of
appropriate alloys foiin vivo investigation. However, despite recent evidence suggesting that the specific
composition of simulated body fluids can dramatically affect the corrositeramagnesiurf’, no standard
solution or methodology has been identified. Therefore, it is of importance to establish whethier\atmo
immersion test to assess the corrosion behaviour of magnesium can provide results that more dgcurate
representin vivocorrosion.

METHODS In this study,in vitro and in vivo corrosion experiments were performed on six magnesium alloys;
commercially available pure magnesium, AZ31,-0M8Ca, MglMn, MglZn and Mgl.34Ca3Zn. Samples for all
experiments were machined into bars sized 12x4x3mm, and polished to 1200grit. Anpilibto investigation was
LISNF2NYSR G2 laasSaa GKS AyFfdsSyOS 2F RAFFSNBYy(d odzFFSNE 2
balanced salt solution, minimum essential media (MEM), and MEM containing 40g/L bovine serum albumin. These we
buffered with either 26.2mM sodium bicarbonate, or 26.2mM sodium bicarbonate and 25mM HEPES. Samples were
immersed in 30mL of each solution, with 14mLs removed and replaced daily to mimic average human plasma volume of 3
litres and urinary excretion df .4 litres respectivefy These were maintained at 3Z and five percent carbon dioxidier

seven days before corrosion was assessed by weight |
Once the appropriate buffer system was identifiadin vitro
immersion test was carried out in the three solution
mentioned previously, buffered with 26.2mM sodiun
bicarbonate. The solution Wwme and replacement regime
was continued from the pilotn vitro experiment. At seven,
fourteen and twentyone days the samples were removec
the corrosion layer removed by immersion in chromic aci
and the weight loss calculated. The corrosion layer w
investigated using energgispersive Xay spectroscopy, and
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Weight Loss (as % of original weight)

o

the samples observed with scanning electron microsco Ealés HEM HENFBSA

(SEM). To investigatan vivo corrosion, samples were Figure 1: Degradation of Mg for 7 days in solutions
implanted subcutaneously in the dorsal abdominal region containing different buffers (n=3)

mature Lewis rats (n=12Jhese remained for seven, fourteer

and twentyone days before removal and analysis of corrosi Figure 1Degradation of Mg for 7 days in solutions
by weight loss and SEM. containing different buffers (n=3)
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RESULTS ANDIScuUssIaN The results from the initial

in vitro experiment concerning the use of differen | _".
buffer systems in the corrosion testing c 80 b
magnesium illustrate the importance of solutiol ° B
composition. Whilst the pH was maintained withi
physiological levelshtoughout the experiment by » —
both buffer systems, the corrosion rates wer 20

significantly higher in all solutions in the presence 10 I a0 = o = Elf. }
HEPES (see Figure 1). The combined use of sot T euems | Az wgosca Mgz | Moieh T
bicarbonate and HEPES is common in cell cult
practise, however HEPES issynthetic buffering
agent whereas bicarbonate is the primary buffer in _.
physiological environment. As HEPES appears to complicate the corrosion reaction of magnesium without
providing necessary buffering capacity, sodium bicarbonate alone was ideraifiettie most appropriate
buffering system for furthemn vitrotesting.

60 —— |EInvivo
B Earle's
~ MEM

[ MEM + albumin

50 —

40 —

Weight change (as % of original weight)

Figure 2Mass lossn vitro (n=3) andn vivo(n=4) for all
alloys after 21 days of immersion or implantation.

Results from thén vitroimmersiontesting revealed significant differences between the solutions investigated.

The highest overall corrosion rate was observed in MEM containing afbBimi T2t f 2SR o0& a9a
When thein vitro corrosion is compared with the rates obseniadvivo,corrosion in all solutions was higher

(see Figure 2). The results from the immersion testing in both MEM based solutions were highly variable when
compared to the weight loss observeid viva A primary example of this can be observed in the results
obtained from the MglL.34Ca3Zn alloy, in which the weight loss is significantly higher in MEM as opposed to

all other solutions. As this does not conformti@ general pattern identified, it suggests alloy composition can
markedly affect corrosion rates in MEM based solutions. In contrast the resuitsviioti SAGAy 3 Ay 9
provided results most closely comparable to the weight loss obsdrveivo. This suggests that the corrosion

2F YI3ySaAidzy tt2ea Ay 9INISQa olflFyOSR altid azft dz
subcutaneousn vivoenvironment.

The results of these investigations also suggest that the specific compadittmiutions used for thén vitro

testing of magnesium corrosion can have dramatic effects on the outcomes. Of particular interest is the use of
buffers as discussed above, and the addition of proteins to solution. Whilst much current research suggests
that proteins can significantly reduce magnesium corrosion in short term investigatjahs results from this

study suggest thiathis protective function is lost in long term testing of twertige days.

CoNcLusioNSThe results from these investigations suggest that using mass loss as an indicator; we have
identified anin vitroimmersion test that can be utilized to predicat\vivo corrosion.

REFERENCH4 ] A. Herrera, J.J. Panisello, E. Ibarz, J. Cegonino, J.A. Puertolas, L. Gracia Journal of Biomechanics
40 (2007) 36158625; [2] R. Huiskes, D. Nunamaker, Calcified Tissue International 36 (198$1371{B] P.A.

Revell, Jonal of the Royal Society Interface 5 (2008) 12838; [4] W.D. Mueller, M. Fernandez Lorenzo de

Mele, M.L. Nascimento, M. Zeddies, J Biomed Mater Res A (2008); [5] A. Yamamoto, S. Hiromoto, Materials
Science & EngineeringBlomimetic and Supramolecul&ystems 29 (2009) 158%68; [6] A.C. Guyton, J.E.

Hall, Textbook of Medical Physiology, ed 11. Philadelphia: Elsevier Incorporated (20@8)7294] C. Liu, Y.

Xin, X. Tian, P.K. Chu, Journal of Materials Research 22 (2007)818068] R. Rettig R, Birtanen, Journal of
Biomedical Materials Research Part A 85A (20081767
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The effect of perfusion culture on proliferation and differentiation of human
mesenchymal stem cells on biocorrodible bone replacement material

J. Farack C.Wolf-Brandstettef, S. GlorisB.Nie<, G. Standke P. QuadbedkH. Worch, D. Scharnwebér

TU Dresden, Max Bergmann Center of Biomaterials, Budapester Str. 27, 01069 DiesdeRarack@tu

dresden.de 2InnoTERE GmbH, Tatzberg 4749, 01307 Dresden; *Fraunhoferinstitut fir Keramische

Techmlogien und Systeme, Winterbergstr. 28, 01277 DresdEraunhofer Institut Fertigungstechnik und
Angewandte Materialforschung, Winterbergstr. 28, 01277 Dresden, @grm

INTRODUCTION.arge bone defects require the treatment with a suitable biomaterial due to the limited self
regeneration of bone tissue upon a critical size of the defect. The bone replacement material needs to
compromise several often contrary propiss likebiocompatihlity, biological integrationand a mechanical
strength adapted to the surrounding bone tissue. Open cellular metal foams show mostafbteenentioned
prerequisites They allow for thorough integration into the bone tissue due teittopen and interconnecting
porosity (structural biocompatibility) Furthermore, surface modification with bioactival@um phosphates

such ashydroxyapatite (HA) obrushite, aprecursor of apatiteincreasethe biocompatibilityand diminish
thereby implant failure through loosening. Our development is focused on bioactivated iron foams which are
moreover biocorrodible. The aspired complete implant degradation over time and would therefore make
revisionsurgery obsolete.

MATERIALS ANMETHODSCylindrical ion foams (@ 10 mm, height 5 mm) with a pore size of 45 ppi were
manufactured at the Fraunhofer institutes IKTS and IFAM in Dresden, Germdsgq&ently, InnoTERE
(Dresden, Germany) processed the bioactivation with either brushite or FéA.the biochemical and
cytobiological characterizatiom vitro cell culture experiments with human mesenchymal stem cells (hMSC)
were performed. The cells we seeded by drofi SSRA Y 3 R stdizéd] @2 kG yoated and
unmodified iron foams, respectively which had been-preubated in cell culture media (DMEM with 10%
fetal calf serum; 19%enicillin and streptomycin; 2 mM-glutamin) for 4 days witimedia exchange every day.
After one hour of adhesion the seeded samples were incubated subsequently either statically in cell culture
well plates with media exchange twice a week, or dynamically Fe-brushite Fe-HA

perfusion containers from Minucells® (flow rateanl/hour). McCoys  DMEM  McCoys ~ DMEM

Beside the typical markers for proliferation lagtate 3d ’ ’ * .

dehydrogenase(LDH)) and osteogenic differentiatiomlKaline
phosphatase(ALP)) corrosion relevant parameters like oxyg

saturation, iron ion concentration, and hydrogen peroxic ;g4 ’ ' @? O

concentration of the cell culture media were quantified. For tt

guantification of iron in the supernatant a photometric assi -
from Diasys was usethased on complex formation with ferene 14d ‘ ’ @ ‘
after resolubilization of corrosion products. The amount

hydrogen peroxide in the medium was quantified with ¢ a1 d . o
Amplex® Red (1fcetyt3,7-dihydroxyphenoxazine) assay fror . .
Invitrogen using horseradish peroxidase produce the red

fluorescent oxidation product resorufin. To monitor the oxyge

saturation over the incubatiotime an oxygen electrode systen Fig 1- Differently coated iron foams after
from SBU (Waldheim, Germany) was utilized. incubation in cell culture medium

RESULTS ANDIScUsSIaNIncubation of unmodified iron foams
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showed asxpected the highest corrosion. Hated foams released less iron into the incubation media but
were still cytotoxic. However, almost no corrosion could be deteotethrushite coated foams.

This is illustrated by figure 1 showing the corrosion statudifferently coated iron foams after incubation in

cell culture media for up to 21 days. For-El#ated foams in both cell culture media (McCoys and DMEM)
heavy corrosion was observed already after three days, with DMEM giving a higher corrosion rate than
McCoys. The brushite coating, on the other hand, proved to be highly protective and even after 21 days of
incubation only a minimal concentration of iron corrosion products in the medium could be observed (Fig. 1).

This corrosion effects were also refledten the cell behaviour under static culture conditions in whiciy
cells onbrushite coated iron foamsould proliferate and differentiate whereasthe cell numberon uncoated
and HAcoatedsamples decreaskor stayedmore or less constanespectively

The major reason for this observation is probalilye
_ _ accumulation ofhigh amounsg of corrosion productsunder
W Fe-HA static Os- B Fe-HA dynamic Os- ) . A
mcontrol on PS Os- M Fe-HA static Os+ static cell culture conditionsBy the use operfusion culture
14 7| MFe:HA dynamic Os+ Mcontrol on PS Ost this could be avoided, allowinzells on HAcoated iron foams
to proliferate anddifferentiate, too (Fig. 2).

For both the brushite and HA coated iron foamsthe

! i perfusion culture led ina higher differentiation rate
compared to the conbl in a static systemon polystyrene.
This can be explained byhe continuous supply of fresh
differentiation medium and thus R-glycerophosphate,
ascorbic acid and dexamethasone.

30 min

o N B O

ALP-activity per 1 Mio cells after

7d 14d 21d 28d
incubation-time after osteogenic induction
Forthe unmodified iron foams we achieda decreaseof the
iron ion concetration in the medium by using dynamic
culture. However, this did not result ian increase othe cell
number, probably because of still enough toxic acting
corrosion products.

Fig. 2¢ ALRactivity of h(MSCs on HeA for static
vs. dynamic cell culture conditions

ConcLusion$Ve could demonstrate that the degradation behaviour of biocdilte iron foams can be varied

or even stopped by different calcium phosphateatings. Using a perfusion culture system, the conditions
were a closer approximation to the in vivo situation, and cells proliferated and differentiated on iron foams
coated wih either brushit or HA.

Further studies are necessary to find out why the hMSC could not proliferate directly on the unmodified
samples wherewe will concentrate orthe influence of thedifferently modified iron foamson the oxidative
stress enzymes

ACKNOWLEDGEMENWe thank PTJ and BMBF for the financial support (03WKEBH3A
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A novel approach to coating pure magnesium with calcium phosphates usirgjtin
crystallisation:In vitro corrosion protection analysis
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S. ShadanbazA. Pietak, M.P. Saigef, T. Woodfield G.J. Dids

'Deparment of Anatomy and Structural Biology, University of Otago, 270 Great King St, Dunedin, New Zealand,
shaylin.shadanbaz@anatomy.otago.a¢.fDepartment of Mechanical Engineering, Private Bag 4800,
University of Canterbury, Christchurch, New Zealand.

INTRODUCTIONMagnesium (Mg) has been suggested as a revolutionary orthopaedic biomaterial. Mg readily
corrodes in a physiological environment and provides thechanical strength required for orthopedics
applications. However, the rapid corrosion of Mg needs to be controlled to maintain mechanical integrity for
the duration of bone healing. Surface coatings have been suggested as a means by which to cawrol the
corrosion rates. Although biomimetic coatings have been promising in recent investigations, this technique
requires the exposure of Mg to a highly corrosive environment which may adversely affect Mg surface
integrity[1]. Coating methods, including laser deposition and plasma spraying have high surface/substrate
adhesion2] but require expensive set uf® 4] and high tempeatures unsuitable for magnesium in reference

to the lattef5]. Within this study we have coated pure Mg samples with two calcium phosphate based
coatings using an 4gitu crystallization telenique. Using this technique we are able to decrease Mg exposure in

a corrosive environment to best maintain the surface integrity of the sample. Corrosion rates were assessed by
determining the weight loss of the coated samples in comparison to nakedaMgles over 7, 14, 21 and 28

day time points in various simulated body fluids. Corrosion findings were supported with scanning electron
microscopy (SEM).

MATERIAL AND METHO®Ure Mg samples were machined to 12 x 4 x 3 mm and polished to 1000 grit. Samepée
oxidized in boiling water and piteeated with NaOH to obtain MgOH at the surface. These samples were then immersed
in a series of solutions containing high concentrations of calcium and phosphates. Different Ca/P ratios and precipitation
temperatures were used to achieve different calcium phosphate phases and crystal morphologies. The technique was
optimized to create a reactiowith the surface rather than on the surface (superficially), thus increasing coating adhesion
and robusticity. Two typesf coatings were used. The first set of samples were coated with brushite which was then
converted to hydroxyapatite using a temperature controlled immersion technique. The second set of samples were
coated with a composite coating of hydroxyapatite andnatite. Samples were investigated in triplicate, cleaned and
weighed.

Naked and hydroxyapatite coated samples were then immersed in either 30 ml of Earle's media, Minimum Essential
Media (MEM) or MEM and 40g/L albumin to mimic blood plasma levels in Samples remained in solution for either 7,

14, 21 and 28 days. Each day 14 ml of media was replaced to mimic urinary excretion by the kidneys in humans. Flasks
were kept on an orbital shaker throughout the experiment and pH levels were measured daiie é&td of each time

point samples were removed, rinsed in distilled water and air dried. Samples were then weighed and SEM assessment
was carried out. Samples were then cleaned in chromic acid to remove corrosion products\vaeigimed. Results were

graphed and analyzed to assess corrosion.

RESULTS ANDIscussianUsing the coating technique described above we have achieved consistent and
reproducible calcium phosphate coatings as determined using SEd¥, diffraction and EDS. Fracture tests
indicate cating 1 to have a porous low adherent superficial layer consisting of large crystals in the range of
10-25microns in size. Coating 2 has been demonstrated to hax®6micron crystals mixed with plates and
approximately 25micron crystals and needles. Déepghe superficial layers smaller crystals with greater
adherence to the substrate surface are visible in SEM. Immersion studies in Earle's media buffered with the
physiological 2.2g/L sodium bicarbonate at 7 day time points indicate that the surfategsodo exert a
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protective effect on Mg. Post cleaning in chromic acid, Mg coated with coating 1 and 2 lost 0.23% of the
sample weight and 1.47% of the sample weight to corrosion, respectively. Comparatively uncoated pure
(99.99%) Mg lost 2.3% of the salmpveight after seven days of immersion. The coatings appear to be intact
FFAGSNI I aS@Sy RIF& AYYSNRAZ2Y Ay 9FNXISQa YSRAI gAGK
suggest the porous nature of the coatings allowed the sample exposure timited to minute areas across

the whole surface simultaneously as indicated by the corrosion pattern shown in Figure 1le and 1f. To allow
controlled degradation in this manner maintains the mechanical integrity of the substrate and reduces the
overall corrosion rate. Naked Mg on the other hand displayed large pits during corrosion, which appeared
concentrated in particular areas (demonstrated in Figure 1g and 1h). If corrosion were to continue beyond this
time point, the mechanical integrity of the subste would be compromised. In addition large pits on the
surface would allow fluid to be trapped thus increasing the corrosion rate at those points weakening the
substrate further. The results of the more exhaustive studies at 14, 21 and 28 days aretlguibesng
analyzed and we anticipate a similar trend in protection against corrosion.

Figure 1: SEM images (a) Coating tipmmersion (b) Coating 2 pre immersion (c) Coating 1 paksty7/immersion (d)
Coating 2 post-day immersion (e) Sample with coating 1 post cleaning (f) Sample with coating 2 post cleaning (g) Major
pitting trend in pure magnesium (h) Major pitting trend in pure magnesium post cleaning

GoncLusiong he insitu coating crystallizain technique being developed here shows promise as a means to
reduce the corrosion of Mg. Various calcium phosphate phases are well known to increase biocompatibility
suggesting the coatings investigated here will also help to increase the biocompatibititggnesium in an in

Vivo environment.

REFERENCEEL] Habibovic, P., et alBiomimetic hydroxyapatite coating on metal implani®urnal of the
American Ceramic Society, 208%(3): p. 517522; [2]Gray, J. and B. Ludprotective coatings on magneasiu
and its alloysa critical reviewJournal of alloys and compounds, 20836(1-2): p. 88113; [3]Suda, Y., et al.,
Hydroxyapatite coatings on titanium dioxide thin films prepared by pulsed laser deposition metiro&olid
Films, 2006.506 p. 115119; [4] Kim, H., et al.,Crystallographic texture in pulsed laser deposited
hydroxyapatite bioceramic coatingécta materialia, 200755(1): p. 131139; p] Goberman, D., et al.,
Microstructure development of Al2a3wt.% TiO2 plasma sprayed coatings datifrom nanocrystalline
powders.Acta materialia, 20050(5): p. 11411152
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Hybrid magnesium implants
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Mugla University, Eng. Faculty, Metallurgy&Materials Sci. Dept., Mugla, Téligtapbul Technical University,
Chemical and Metallurgical Eng. Faculty, Metallurgy&Materials Sci. Dept., Istanbul,; Puakegiomech. &
Biomaterials, Hannover Medical School, Awoa-BorriesStr. 17, 30625 Hannover, Germany,
witte.frank@mhhannover.e

INTRODUCTIONMagnesium alloys have gained an increasing interest in medical applications due to their non
toxic degradation capacity as a novel biomaterial over the past decade. Especially the need for mechanically
reliable and degradale metallic implant materials in orthopediand neurosurgery, with additional prospects

in reconstructive surgery, has been driving the research interest on such materials. The corrosion resistance of
magnesium alloys at physiological pH levels is luniféhis seemingly disadvantageous feature of magnesium,
with its already proven success for positive osteogenic effects, can be used as an advantage when degradable
metallic implants needefl-3].

The existing literature shows that the dissolution rate of magnesium can be tailored according to the
requirements. Furthermore, production of hybrid implants having magnesium alloy surface is feasible without
impairing the noroxicity of magnesium.This study presents the prospects of having hybrid implants
composed of a degradable magnesium surface and a permanent metal basis in order to use the beneficial
effects of magnesiumSuch a design requires indebt understanding and the use of special alloysitiomp

and manufacturing techniques for a specific implant pasT].

MATERIAL AND METHOI®INCe magnesium is almost insoluble in titanium, and the two metals do not form an
intermetallic compound a bonding agent was needed. Zirconium was chosen dakldesintermediate layer.
Thebonding technique employed was diffusion bonding by vacuum hot pressing. Investigation was performed
on AZ31 (3 wt% Al wt% Zn) Mg alloy with pure Zr, and Ti6Al4V (6 wt% Wi% V) alloy. Since all three
metals have differat melting temperatures first Ti and Zr was bonded at higher temperatures, and then Mg
was bonded to the ¥Zr couple at a lower temperature process. For the first stage, the vacuum hot pressing
parameters used were hrs. at 900°C, vacuum level:“T@rr, total pressure: 0.25 Ton/cmFor the second
stage: 2.5-3hrs. between 40@20°C, vacuum level: TUorr, total pressure: 0.125 Ton/émimaging and
mapping was done by using Electron Probe Microanalizer (EPMA).

Ti

Figure 1.EPMA image of the cut, polistieand etched
section of the bonded metaldNotice the diffusion layers
present between each metallic couple indicating go
bonding
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ReEsULTSAN EPMA image of the cut, polished and etched section of the bonded metals is shown in Fig.1. the
perforated appearance of the AZ31 alloy along the bonding interface is due to the different etchants that had
to be used to be used for different metals pees.

Discussiannsolubility of Ti and Mg presents a challenge in producing Mg coated titanium alloy implants. This
study provides experimental evidence that Zr can be used as a bonding agent between Ti and Mg. A good
diffusion layer between each metallmouple can be obtained using the parameters given in this study.
Zirconium is soluble both in Ti and Mg, and furthermore, Zr itself is an implant material. Therefore it is
expected that even after complete dissolution of Mg from a hybrid implant a Zr skia layer would not be
deleterious Application of Zr between Ti and Mg in the form of thin sheet or foil, however, may not be a viable
option in every case. Thin film coating of Zr on titanium alloy surface as a PVD (physical vapour deposition)
layer can provide solution for the complex geometries of implant parts.

ConcLusionglybrid implant offering the beneficial properties of both Ti alloys as well as those of Mg can be a
realistic option. Despite the incompatibility of Ti and Mg metals hybrid atrest can be produced. The
method presented here is insensitive to the Mg thickness and therefore suitable to tailor the dissolution time
of Mg layer even only by adjusting the Mgating thickness. Such hybrid structures may also be preferable as
pure Mg @n be used as an outer skin offering solely the benefits of Mg by avoiding the useailolykyand

the sofar unknown effects of the intermetallic particles Mg alloys possesses.

REFERENCES[1] F. Wite et al. COSSMS 2008;1283 [2] RA.Kaya et al. Burosurg. Spine 2007,6:1449;

[3] F. Witte et al. Acta Biomaterialia 2010, 6:171989; [4]A. Arslan Kaya, Ozgur Duygulu, Selda Ucuncuoglu,
Gizem Oktay and Onuralp Yucel, Diffusion Bonding of Magnesium with Magnesium, Titanium and Zirconium
Alloys, Int Conf., MagnesiuaBroad Horizons, St. Petersburg8 9une, 2007[5] O. Duygulu, G. Oktay, C. Berk

and A. Arslan Kaya, Diffusion Bonding e8Ali4V Alloy and Zirconium as Implant Material, 16th International
Microscopy Conference, Sopporo, Japan, Septr 2006 [6] G. Oktay, O. Duygulu, C. Berk and A. Arslan
Kaya, Magnesium Films Deposited on Different Substrates Using Arc PVD Method, 16th International
Microscopy Conference, Sopporo, Japan, September ;2006. Duygulu, R. Alper Kaya, G. Oktay and A.
Arslan Kaya, Investigation on The Potential of Magnesium Alloy AZ31 as a Bone Implant, 2nd International
Conference on Magnesium (ICM 2006), 2006BIMW, Beijing, China, J80eh22006.
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The FDAview on biodegadable metals
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How to apply the ISO standard to biodegradable metals
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Biodegradable wound closing devices for gastrointestinal interventions

A.C. Hanzj H. Aguib, M. Schinhammeér A. Metlaf, T.C. Luth J.FL6fflert, P.J. Uggowitz&r

L aboratory of Metal Physics and Technology, Department of Materials, ETH Zurich, WBHgdiSgrasse 10,
8093 Zurich, Switzerlandinja.haenzi@mat.ethz.ctfMicro Technology &Medical Device Technology, TU
Minchen, Boltzmannstrasse 15, 85748 Garching, Germany

INTRODUCTIONNterest in magnesium for biodegradable implant applications in vascular intervention and
osteosynthesis has been continuously increasing over the pasts.yddagnesium possesses attractive
mechanical and biological properties, but the particular characteristic making magnesium interesting for
temporary implants is its degradation performance in aqueous solutions. At pH values below 11 it degrades
according o the electrochemical equation Mg + 2®" Mg(OH) + H. This fact and the relatively high
tolerance limit of magnesium in the human body were the motivation to use magnesium also for a very
different purpose: as part of an absorbable wound closing fimegastrointestinal interventions.

One of the most important procedures in gastrointestinal surgery is still the joining of tissue layers through
endoscopic working channels. Ideally the closure of iatrogenic incisions and perforations should be performed
during the same endoscopic intervention. A second intervention to adjust closure or to remove residual
materials after the healing process should be avoided. It is a challenge to solve the medical problem of tissue
joining according to the obvious conflibetween the requirements of miniaturising the system (with less
technical complexity), achieving an efficient tissue joining and absolve a secure and atraumatic fixation.

Available mechanisms are suturing and knotting techniques or clipping implants. From a mechanical and
clinical point of view, available instruments to achieve a secure knot are based on complex mechanisms.
Endoscopic clips achieve superficial closure mdistause they were primarily designed for hemostasis. The
development of a sufficient and non complex mechanism to achieve wound closure or anastomosis is still
required today.

Recently, new concepts and the first prototype for complete
absorbable woud closing implants have been presented [1
These are designed to achieve a secure thitkness tissue
joining and to degrade after wound healing. A rivet is compos
of two main parts with different degradation behaviour. The riv
tip (made of magnesm) is a short term part used for tissu
penetration. After achieving its functionality it has to degrac
within less than 24 h to avoid scratches in neighbouring tiss
The rest of the rivet is the fixing part (made of a polymer) w
tissue joining funtonality. It is also the long term part because
remains in the tissue until the healing process is over (time per
of several weeks). In Fig. 1 a prototype of a completely degrad:
wound closing rivet is depicted.

Fig. 1. Prototypes of completely degradabl
wound closing rivets.

The requirements of rivets with sh functionality diverge in a wide range. Tissue penetration requires high
stiffness and sharp tip geometry, while the fixing part contains flexible and rigid parts. A further challenge is to
combine these mechanical properties with the required degradakiehaviour.

Evaluation and assessment of the polymeric part of the rivet has already been addressed in a previous study.
Here, we focus on evaluating the performance of the magnesium tip with respect to fabrication and
degradation performance. A particulaequirement from a fabrication point of view was to achieve sharp tips
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