Bioresorbable Magnesium Implants for Bone
Applications.

Inaugural Dissertation
submitted to the
Faculty of Medicine
in partial fulfilment of the requirements
for the PhDDegree
of the Faculties of Veterinary Medicine and Medicine

of the Justus Liebig University Giessen

by
OlgaWetterlovCharyeva
of

Moscow, Russia

Giessen, 2015



From theLaboratory for Experimental Trauma Surgery
Director / ChairmanProf. Dr. Christian Heil3

of the Faculty of Medicine of the Justus Liebig University Giessen

Supervisor:

Prof. Dr. Katrin SusanneLips

Committee Membex

External reviewerProf. Dr. Annelie-Martina Weinberg

ChairmanProf. Dr. Klaus-Dieter Schliter

Vice-Charman:Prof. Dr. Jirgen Janek

Date of Doctoral Defense:

1% December2015



To my family






TABLE OF CONTENTS

1. ADDIEVIATIONS ... ettt ettt e e e e et e e e e e e e e e e e e e e e e e e e e e n e e e e e e aas 8
P2 [ g1 0T [0 [ i o] o OO PP PP 9
2.1. Biodegradable Materials for Medical USE..............uviiiiiiiiiiiiicce e 9
P O o] (][] o PO PP T PP PSP PP PPPPPPUPRP 10
2.3. MagnesiurBased AlIOY DESIQN.........ccooo oo aaaaaaa e 12
2.4, SUIBCE. ... .ttt 14
2.5. Bacterial INfECHQMN.........iieieeee e e e e e e e e s e e e e e e e 14
2.6. Ethical Asps in Experiment Planning for in vitro and/ivo Studies..............ccccvvvvveeeinniinnnee. 16
2.7. Applications of Magnesium IMPIaNntS............ooouiiiiii e 17
Y 14 ST TSP PP PPTPRPPPPPRPPPTRPN 19
4. Materials and MELNOUS ...........uiiiiiiiii e e e 20
I [ Y/ PP PO PP OPPPRPPP 20
4.1.1. SAMPIE PrOUUCTION. .....ciiiiitiiiie ettt e e e e e e e e s e e e e e e e e nnneees 20
4.1.2. SAMPIE STEMTISALIQL......eeeiiieiiiiiiiiii e e e e e reaeeeas 21
4.1.3. COrrOSION MEASUIEIMIEILS. ... ..uutiiieeiiiiitteteaaeeeaiitbe e e e e s s aibrr e e easesssabbrr e e e e e s sasbbnneeeesesanen 21
4.1.4. Determination of Osmolality and pH.............uueiiiiii 21
4.1.5. Determination of GACONCENITALION..............ceveveveeeeeieeeeeeieteeeeeeee et 22
4.1.6. Surface CharaCteriSAtiDN............cuiurieeiiiie ettt 22
4.1.7. Isolation of HumaReaming DebriderivedCells............ccccciiiiiiiiiiiiieee e 23
4.1.8. Cell VIADIIILY. ....ceueieieiee ettt ettt et e et e e b e e embeeenbeeeanbeeennneean 23
4.1.9. Alcaline Phosphatase (ALP) CONtENt.............ooooiiiiiiiii e 24
4.1.10. TransmissidBlectron Microscopy (TEM).........ooooiiiiii e 24
4.1.11. Scanning Electron Microscopy (BEM...........ooooiiiiiiiiiii e 25
4.1.12. Determination of Eonsumption and PH............ccceeeeveveeeeceeee e, 25
4.1.13. Bacterial Strains and CURUIE.............uuiiiiiei e 25
4.1.14. Biofilm FOIMAatION ASSAYS . ....ciiuuuteiiiieeiiiittrtiteeessaiieie e e e e e e s aibrr e e e e e s s snbbar e e e e e s s annnneeeeeas 26
4.1.15. StatistiCal ANAIYSIS.......uuiiiiii e e e e e e e 26
N | Y/ 1Y o PP PPREPP P 27
4.2.1. SAMPIE PrOGUCTION. ... ..ottt ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaasaaaaaannnnnes 27
O [ 101 o] = €= 11 [ o IR PPPPSOTPPPI 28

4.2.3. Histological PreparationsS...........ccuieiiiiiiiiiiiee ettt s st e e e e e e e e e e s e e annen 28



4.2.4. Histomorphometric ANAIYSIS......o e i 29

S T I = |V TP PR PPPRPPPPP 29
4.2.6. StatiStical ANAIYSIS........ccoiiiiee e e e e e e aaaaaaaaas 29
B RESUILS ...t 30
T I = To = To F= 11 [ o OO PP PPRPPP PP 30
ST I A 00 T (0] [ o OO POPPPPRPPPP 30
LT 2 © 1= ¢ o F= 1 Y 2P 32
LT RS N o] LT R 0= [T PP 32
5.1.4. CACONCENITALION. ..........eveeeeeeeeieeeeeeeeeeeeeseeesseseeseasaesseesesesesesesesesesesesesesesesesesesesenas 32
5.1.5. Surface CharaCteriSAtiON............ceueuiiiuuriiieieeiiiiie e e s e e e e e s r e e e s s reeeeeeans 34
5.2, CellUIAr FEACTIONS. ... eeeiieeiiiiiite ettt e e st e e e e e e e e e s et e e e e e e e e nnnneeeeeas 37
5.2, 1. CllIVIADIIILY. ... ettt ettt ettt e e bt e e e be e e sneeeebeeeanbeeenneeenn 37
5.2.2. Alkaline Phosphatase CONENL..........uuuiiiiiiiiiiiiiriiee e eanerreees 38
2 B =1 | 1Y/ o] 1 0] g o] (0 )Y/ 38
5.2.6. CACONSUMPLION......cveueeeeeeteteeeeeeeteteteteeeseeeieteseeenesstesesesenesetesesessesssssesesesnensnssenenenens A4
5.2.7. PHMEASUIEMENIS ... .ot r et e e e e e e e e e e e e e e e e e e e e e e e e s s s e e s s e nnans 44
5.3. Early Stages of Biofilm FOrmation.................ccco oo 46
5.3.1.Adhesion of S.epidermidis andaBdalis...............ccccvuiiiiiiiiiiiiiie e 46
5.3.2.S.@idermidis Growth OVEr TIME......uuuiiiiiiiieiiieiiieeeeee s 47
5.3.3. Characterisation of Surface ROUGNNESS............oviiiiiiiiiiiii e 49
I o 1153 (0] (o |V PO P PP PPPPP S PPPPPPPRPPN 52
5.4.1. BONE RESPONSE ... .ottt e e e et 52
5.4.2.GAS VOIS, ....eeeeiitieee ettt e e e e 55
5.4.3.Implant Resorption BENAVIOLLL. ............uiiiiiiiiiiiiiiiieceeeeeee s 56
S S I = Y PP PPPUPPRPPPPPTRN 57
B. DISCUSSIONN....e ettt ettt ettt e e e e e e e e oo ettt e e e et e et e e e e e e e bbb e et e e e e e ansbb b e reaeeeeannneees 59
Lo I B = To = To F= 11 o PP PP PRPPR PP 59
6.2, CellUIArEACTIONS ......eeiieieeiiete ettt e et e e e e e e e e e e s e e e e e e e e e e e eens 6l
6.3. Early Stages of Biofilm FOrmation..............ooooii e 63
LS 1153 (] o T Y APPSR 65

6.5. Possible Applications of Magnesium as Implant Material...........cccccccveeeee 68



7.CoNCIUSION aNd FULUIE PrOSPECLS. ...ttt ettt et e e e e e e e e e e aaaaaaaeeaaeaasaasaaaaaaaannnnnes 70

4% R 7] g Tod 011 o o F T PO P TP PPPPP PP 70
A U 1 (0 | o (01 o= o £ S 70
8. DISSEIMINALION ......teeieet ettt et et e e e e et e e ek e e e e e s e e e e b b e e e e anbn e e e e annneeeeas 72
8.1. LiSt Of PUBICALIONS.......ciiiiiiiiiiii e e e 72
8.2. Presentations on the International Conferences..........cccccoviiiieriiieiniiiiiieiee e A 2
8.3. Presentations on the Local CONfEIENCES..........ccuviiiiiiiiiiiiie e 73
0. REIEIBINCES ...ttt 74
OIS0 1] = Y P 83
11, ZUSAMMENTASUNG. ... uetteeeeee e ettt e e ettt e e e e e e e e e e et e e e e e e s b e e e e e e e e s nbbnn e e e e e e e annnneeeeeas 85
I B =Tol oL = Ui [0 PP P PP PPRPPPPPON 87

13, ACKNOWIEAGEIMENTS. ..ottt e et e e e e e e e e e s st e e e e e e e nnnnnnneeeeas 38



1. Abbreviations

AFM Atomic Force Microscope

ALP Alcaline Phosphatase

CPC Calcium Phosphate Cement

CMPC CalciumMagnesium Phosphate Cement
DMEM Dul beccods Modi fied Eagl e
FBS Fetal Bovine Serum

HRD Humanreamingdebrisderived cells

Mg Magnesium

MPC Magnesium Phosphate Cement

Mg2Ag Alloy of 98 % magnesium and 2 % silver
Mg10Gd Alloy of 90 % magnesium and 10 % gadolinium
Mg-HA MagnesiumHydroxiapatite

PCL Polycaprolactone

PMMA Polymethyl methacrylate

S Average surface roughness

Sar Developed surface areatio

Sds Summit density

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

wt Weight

WEA43 Alloy of 4 % yttrium, 3 % rare earth and 93 % magnesiu

W4 Alloy of 4 % yttrium and 96 % magnesium



2. Introduction

2.1. BiodegradableMaterials for Medical Use

Clinical problems like risk of postoperative infection (Quinn et al. 262&henberg et al. 2010)

and increased incidence of pediatric trauma requiring surgical intervention (Sinikumpu et al.
2012 Sandler et al. 2011) raised the need for temporary medical implants that would resorb after
the bone healing is complete. This would decrease high costs associated with repeated surgeries,
minimize recovery times, decrease the risk of postoperative imisctand thus promote higher
quality of life to each individual patient. The concept of biodegradation is already known in
medical practiceresorbable suturemre successfully used in surgery. However, a bone implant

that would resorb after the fracturealing isa completelynew concept.

Biomaterials used for implants can be metals, ceramics, polymers and composites. Metals have
high impact strength, high wear resistance, high ductility and the capacity to absorb high strain
energy compared to other tedals (Moravej and Montavani 2011). These properties make
metals suitable candidates for maxilofacial and orthopediclbeadng application and fixation
devices such as joint replacement, bone plates and screws, as well as dental implants, pacer anc
suure wires, and coronary stents (Moravej and Montavani ,2Bhat 2002 Park and Lakes

2007).

The early use of metals as biomaterials for medical applications has been reported in late 18th
century when Ag, Fe, Au, and-Based alloys were used for bonacture fixation (Bhat 2002).
Elemental magnesium was discovered by Sir Humphrey Davy in 1808 which led to design of
metalic biodegradable implants. In 1878, the first implantation of magnesium wires as ligatures
to stop bleeding vessels of human patierds werformed by Edward C. Huse. He observed that
the corrosion of Mg waslowerin vivo and that the time period until complete degradation was

dependent on the size of the magnesium wire used (Witte 2010).

For metal alloy to be successfully used as arbede implant, several criteria must be met. It
should provide enough strength to the healing tissues, it should resoarh aét time periodye
nontoxic and cause no harm to the organism. Metals proposed for biodegradable implants are
magnesium andron. Iron was mainly suggested for cardiovascular uses like stents for lumen

widening (Moravej and Montavani 2011).

Magnesium is considered a suitable material for biodegradable implants because of a number of

reasons. First of all, it is biocompatible (@0 2001). By term biocompatible it is meant that
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material does not cause toxicological tissue reaction (Seal et al. 2009). Secondly, magnesium is
natural for humans since our body contains about 25 g of this element-&3d%@s found in

bone (Instituteof Medicine 1997). The normal serum magnesium concentration is 0.75 to 0.95
mmol/liter (1.8 to 2.3 mg/d))we consume about 3&b0 mg of magnesium daily (Institute of
Medicine 1997). The main sources of magnesium are grains, nuts and green leafyestlketabl
spinach and cabbage. Deficiency of these dietary products can cause cardiovascular problems
and migraines (Institute of Medicine 1997). Excess magnesium is removed readily by the
kidneys (Institute of Medicine 1997). Thirdly, magnesium seems moukite bone formation

since magnesium ions enhance the cell attachment and proliferation (Li et al. 2008). High
amounts of magnesiwgontaining calcium phosphate were found in the degradation layer
around magnesium implants and it was concluded that magmesimulates formation of
calcium phosphate (Xu et al. 2Q0@/itte et al. 2005). New bone was seen forming in direct
contact to the degradation layer (Xu et al. 2006tte et al. 2005). It has been stated that
magnesium containing calcium phosphate #hdwuave much better osseoconductivity than
hydroxyapatite (Kim et al. 2003).

Last but not least, magnesium has excellent mechanical properties which make it a suitable
material in trauma patients (Seal et al. 2009). Magnesium based alloys are typioalighte

since they are 1/3 less dense as titanium based alloys and only 1/5 as dense as stainless steel an
cobaltchrome alloys (Seal et al. 2009). Conventional metallic implants are not well matched,
when compared with bone, given the modulus of el&gtior cortical bone is in the order of 3

20 GPa (Staiger et al. 2006). In comparison the modulus of elasticity for stainless steels is
typically around 200 GPa, for chrorsebalt alloys is in the order of 230 GPa, and for titanium
alloys is about 115 GP@aS e a | et al . 2009) . The greater t
higher risk of causing stress shielding of the bone and secondary fracture (Seal et al. 2009).
Magnesium alloys, in contrast, have a modulus of elasticity of around 45 GPa, whicighs

more closely matched that ofbone(3-20 GPa) thus lessening the likelihood of stress shielding
(Seal et al. 2009).

2.2. Corrosion

An important problem of magnesium is a high corrosion rate with consistent hydrogen gas

formation on contact witHuids:
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Mg;) + 2 H20paq) = Mg(OH), ) + Hz g (1)

This overall reaction may include the following partial reactions:

Mg =Mg’; +2e" (anodic reaction) (2)
2H;04q +2e =Hy g +2 OH{;q‘u (cathodic reaction) (3)
Mg?a'q.‘ +2 OH[,, = Mg(OH), , (product formation) (4)

(Witte et al. 2008)

Magnesium hydroxide accumulates on the surface of the magnesium implant to form a mildly
protective corrosion layer in water. Althougthis film slows corrosion under aqueous
conditions, it reacts witkhlorine ions presenin blood to produce a highly soluble magnesium
chloride, MgC}, and hydrogen gas,,HWitte et al. 2008). It was shown that this reaction is
achieved when the chloride concentration in the system increases above 30 mmol/l (Shaw et al
2003) Therefore, severe pitting corrosion can be observed on magnesium alloys where the
chloride concentration of the boflyid is about 150 mmol/l (Xu et al. 200®itte et al. 2005).

Increase of the pH during this reaction further irritates tissues and makee difficult to heal
(Witte et al.2008). The hydrogebubbles push out the osteoclasts and osteoblasts making it
difficult to form new bone in direct proximity to the implant surface. However, hydrogen gas
seems to appear within 1 week after impdéion, and then disappear afteB 2veeks (Witte et

al. 2005).

It is desirable for magnesiutmased alloys to have slow degradation rate so the fractured bone
heals before the implant resorbs. It is thus crucial to design alloys with slow corrosion rate and
high biocompatibility. Haretissue repair typically requires implantation of tjeture for a
minimum of 12 weekg¢Staiger et al. 2005). In this respect, pure magnesium is undesirable,

because it is chemically very actiP@n et al. 2011).

The influenceof cells and in vivo environment on magnesium corrosion is not well described in
literature. It is known that corrosion is faster in vitro than in vivo by several orders of magnitude
(Willumeit et al. 2011). This can be explained by the presence of moaeith other organic
molecules in blood which create a protective coating around magnesium slowing down corrosion
(Willumeit et al. 2011). Thus, an addition of proteins in form of fetal bovine serum (FBS) into
the cell growth media would closer imitate iive environment than just using pure media
during corrosion studies on magnesium. Dul be
inorganic salts, calcium, amino acids and vitamins, and is thus very close to physiologic
conditiongdWillumeit et al. 2011
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It was shown that magnesium facilitates calcification and formation of calcium phosphates
(Feyerabend et al. 2012). As mentioned previously, magnesium increases pH of the solution.
This shift to more basic pH might interfere with bone heglfiget al 2007), but at the same
time high pH promotes Gabinding(Willumeit et al. 2011)An adequate supply of calcium is

important to ensure that bone laid down by osteoblasts is normally mine(Re&d®014).
2.3. MagnesiumBased Alloy Design

Although magnesium is biocompatible, increased degiad rates under physiological pH
conditions can locally reduce the biocompatibility on the impsamtace. Effots to control the
corrosion rate of Mg have utilized various processing methods such as ponficdtoying,
anodizing, and surface coating (Brar et al. 2008). Studies have shown that purification of Mg
reduces the corrosion rate considerably, however, due to low yield strength of pure magnesium
(Witte et al. 2005), its application in medical appltes that require good load bearing
properties, is limited.

Alloying elements can be added wmprove mechanical properties of pure magnesium but
alloying elements should be selected carefadiyyonly in respect to physical properties, but most
importanty in respect to their effect on cells and body as whole. This, however, is a difficult task
since one must look not only on the element as a single unit, but also consider its interactions
with other elements in the magnesHbased alloy. This chapter Wwitliscuss some common
elements used in Mg alloys in respect to their properties and toxicology.

In general, adding extra elements to the alloy will strengthen material by forming intermetallic
phases. These intermetallic phases act as obstacles for ltteati® movement (Witte et al.
2008). Even ductility and corrosion properties might be influenced (Witte et al, 208®& et al.
2003). Typical impurities in magnesium alloys are iron (Fe), nickel (Ni), copper (Cu), and
beryllium (Be) (Witte et al 2008) They have extremely harmful effects on the corrosion
behaviour of Mg and rapidly increase the degradation rate. Elements like cadmium (Cd),
manganese (Mn), tin (Sn), and zinc (Zn) have mild effect on the corrosion rate of Mg with their
efficacy being depndent on solute concentration (Shaw et al. 2003). Alumir{@l) is
considered to enhance the strength and corrosion resistamtg, dfut in recent years it has
been implicated in a variety of disorders including dialysis demential, hypochromic microcyti
anaemia, renal osteodystrophy, hepatisordersand Alzheimer's diseas@gKawahara 2005
Shcherbatykh and Carpent2007). For that reasons it is unacceptable to use Al in medical

implants.
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Zirconium, which is added as a grain refiner in-baged allog, has been linked to breast and

lung cancer (Brar et al. 2008). It is reported that rare earth (RE) elements have a beneficial effect
on the corrosion resistance and mechanical properties of magnesium alloys (Nakatsugawa et al.
1996). Some of these elents like cerium (Ce), lutetium (Lu), and praseodymium (Pr), are,
however, considered toxic for the human body (Brar et al. 2008). Still, there are some
elements in the RE family that have relatively low chemical toxicity and can be used in very
small amounts without toxic effect on the organism. Such elements are yttrium (Y) (Reardon et
al. 2009 Kyker and Anderson 1955) and gadolinium (Gd) (Hemmer et al., ZdiQawati et al.

2012). Alloying magnesium with yttrium could be an effective measure to improve the bio
corrosion properties of the magnesium alloy for biomedical application (He et al. 2010).
Combining magnesium with silver (Ag) might not only strengtitee material but also add

antibacterial properties to the alloy (Tie et al. 2013).

Calcium addition to magnesium alloys slows corrosion rate, which is beneficial in terms of
hydrogen gas formation (Aghion et al. 2012). Ideally, corrosion would be sltawaliow the
mechanical integrity of the metal to remain intact during bone healing. This would also minimize
hydrogen production, which has been observed as a (potentially disadvantageous) corfosion by
product when using this material (Shadanbaz et al2R0OMoreover, calcium ions might
contribute to increased viability of magnesium alloys, like in@galloy tested in one Chinese
study (Li et al. 2008).

Calcium is natural for humans and it accounts f@% of adult human body weight. Over 99 %

of totd body calcium is found in teeth and bont® rest is present in blood, muscle, and other
tissues, where it mediates vascular and muscular contraction and nerve transmission (Institute of
Medicine 1997).

In bone, calcium exists primarily in the form lbydroxyapatite (Ca (POQy)s (OH),), and bone
mineral is almost 40 % of the weight of bone (k¢ of Medicine 1997). Using materials
essential to human body as alloying elements, wegoaaty reduce the chanagf toxicity (Brar
et al. 2008).

For the above mentioned reasons, six types of biodegradable magrmsach alloys were
designed and produced for this study:

A alloy consisting of 98 % Mg and 2 % Ag (Mg2Ag)
A alloy of 90 % Mg and 10 % Gd (Mg10Gd)

A alloy of 4 % yttrium, 3 % rare earth and 93agnesium (WE43)
13



A pure 99.8 % magnesium (pure Mg)
A magnesiurrhydroxyapatite&eomposite implanfMg-HA),
A alloy of 96 % Mg and 4 % Y (W4).

2.4. Surface

Corrosion of magnesium i mplants also has an
plays an important role for cell attachment. Both too rough and too smooth surfaces are not
beneficial and hinder bone formation around implakt¥&ennerberg and Albrektssa2000)
Several parameters can describe implant surface topography, such as averageaigfaess

(Ss), developed surface area ratig f&nd summit density (§. S is defined as an arithmetic
mean of the departures of the roughness area from the mearVgenreerberg andlbrektsson

2000) Sy is a ratio between the-3 measurement and a2 reference plan@Vennerberg and
Albrektsson2000) Sysis the number of summits per unit area making up the sui$aoet et al.

1993) Parameters describing spatial properties, like & well as hybrigroperties, like &,

might further differentiate surfaces with similayc®aracteristic€Stout et al1993)

It was shown by previous studies that an optimalv8lue, representing average surface
roughness, lies betweenll5 em for titanium implant§Wennerberg and Albrektssd000)
However, positive effect on the bone response was also seepdbr®.5em up to ~ 8.5m
(Shalabi et al.2006) Longterm corrosion effect on surface roughness of magnesased
alloys has not been studied yet.

It also seems that bacterial adhesion to surface is highly dependent on surface roughaeds (S
developed surface area ratiog{§Dorkhan et al. 201,2Blrgers et al.2010) The level of
bacterial adherence to moderately rough titanium surfages8($6) was five times greater than

to smooth titanium surfaces £2.8 %)(Dorkhan et al.2012) Magnesium resorbs mainly by
pitting corrosior(Witte et al.2005)which results in surface changes and might promote bacterial
adhesion. Thus, it is important torapare whether any correlation between biofilm adhesion and

surface changes which occur during resorbtion exist.
2.5. Bacterial Infections

Postoperative wounthfections are the third most common type of nosocomidéction in
German emergency hospitals after pneumonia and urinBegtions (Hachenberg et.&010.
They accounts for 346 % of all nosocomial infections among hospital patieantsl are

associated with increased morbidity and mortality, prolonged hospitabsthincreased costs
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(Smyth et al. 2008Smyth and Emmersor2000) The most important risk factors include the
microbiological state of the skin surrounding the incision, delayed or premature prophylaxis with
antibiotics, duration of surgery, emergensyrgery, poorly controlled diabetes mellitus,
malignant disease, smoking and advanced age (Hachenberg26i@l If the implant could
biodegrade then all those risk associated with repeated surgeries could be avoided. Thus,

development of such implarg of importance.

Implantassociated infections are the result of bacteria adhesion to an implant surface and
subsequent biofilm formation at the implantation @Ribeiro et al.2012) Sources of infectious
bacteria include the environment of the opaatioom, surgical equipment, clothing worn by
medi cal and paramedi cal staff, resident b ac
residing i1 n t(Rieiroetaa. 20 2Ftadksetalb 201BY Thus, the secondary
operation on implant remval highly increases the risk of nosocomial infection.

Enterococci, specificallfEnterococcus faecaligire the third most common cause of nosocomial
infection, and most infections in hospitalized patients are associated with the use of indwelling
medicaldevices(Paganelli et al2013) E. faecalis a Grampositive constituent of the human
intestinal microbiome, has become a prominent pathogen of healtfassargiated infections
over the past 3 decadé@sank et al2013) Between 1980 and 2008, the frequency of nosocomial
infections caused byEnterococcus faeciumthe other frequently encountered enterococcal
pathogen, increased by 88(Kang et al2012) E. faecalisand E. faeciuminfections together
accounted for 16.@6 of central lineassociated bloodstream infections, 14®of catheter
associated urinary tract infections, and 1% 2f surgical site infections reported to the United
States National Healthcare Safety Network between 2006 and(B@ffon et al 2008) E.
faecalisis also the primary causative agent of enterococcal endoc@kliiBonald et al 2005
Fernandez Guerrero et. &1007) and is the most frequently isolated in secondary endodontic
infections(Tennert et al2014)

Staphylococcus epidermicasmd Staphylococcus aureuspresent, in absolute, the main causative
agents of infection in orthopedi@@ampoccia et aR006) S. epidermidiss the most frequently
isolated member of the group of coagulasgative staphylococci from implaassociated
infections and they are associated with nosocomial infect{Rilseiro et al 2012) S.
epiderimidis a Grarmpositive, nonspore forming facultative anaerobe that grow by aerobic

respiration or fermentation, wi t hal miciolaomeftt e r s
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the human skifRibeiro et al2012) They are characterized by individual cocci, which divide in

more than one plane to form grajges clustergRibeiro et al2012)

2.6. Ethical Aspects in Experiment Planning forin vitro and in vivo Studies

Il n 19509, Russel|l and Burch publiahededédfiiheqw
which idea washe humanest possible treatment of expertadeanimals(Russell and Burch
1959). The authors suggested the principlesReplacement, Reductioand Refinement
commonly abbreviated t o 3ROSs principle, as
experiment al techniques as possi bl e. Today t

govern the use of animals in life science.

By replacementneantRussell and Burch the use mdn-animal methodsver animal methods if
this allows to achieve the same scientific aiReplacement strategies include: a) tissue cylture
b) perfusd organsc) tissue slicesd) cellular experiments) subcellular fractionfRussell and
Burch1959).

Reductiormethod enables scientists to obtain data from fewer animals, or to gain more data from
the same number of animgRussell and Burcii959) Careful study design is crucial for this
method to be successful. Development of computer technologies and modern imaging techniques

greatly facilitate this principle.

Refinemenimeans minimization of animal suffering during experiment. This includegepr
anaesthetic and analgesic regimes for pain relief;imaasive study techniques, as well as
proper housing and environmental enrichment meeting the animals' {Raextell and Burch
1959)

The current Thesi s i s basacswere osed3on Refsst pceiinn c i |
order to understand the processes which happen to magressat alloys without involving
animals. That is why the cellular experiment, the in vitro biofilm formation study design and in
vitro corrosion were chosen. Tlest stage was to see the tissue reaction to magnésised
implants. The implants were carefully chosen and the animal number was kept to as low as

possible.

Unfortunately, in vitro methods have their disadvantages compared to in vivo methods. In case
with magnesium implants it is known that corrosion is faster in vitro than in vivo by several

orders of magnitud@Villumeit et al 2011). This can be explained by the presence of proteins
16
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and other organic molecules in blood which create a protectivéngoatound magnesium
slowing down corrosiorfWillumeit et al. 2011). Thus, carefully planning the experiment is
crucial. In our study, an addition of proteins in form of fetal bovine serum (FBS) into the cell
growth media during corrosion study was chosen in order to closer imitate in vivo environment
than justusip pur e medi a. Dul beccods modified Eagl
salts, calcium, amino acids and vitamins, and is thus very close to physiologic conditions
(Willumeitetal2011). The majority of studi esassess mag
shortt er m magnesi um e xt (Te ettal®B813 Feyefalkendtet aB0iQ Yarlye c e |
et al 2013). The aim of our cell study was to evaluate the-teny influence of direct exposure

of magnesium alloys on the bioactivity of befmeming cells. This, in our opinion, closer mimics

the in vivo conditions.
2.7. Applications of Magnesium Implants

Two magnesium alloys are currently used today in orthopedic and cardiovascular midicine
WE43 andVIigYREZr.

WE43 alloy has shown good resultscardiovascular medicine witho evidence of stent particle
embolization, thrombosis, excess inflammation, or fibrin deposition and neointimal area was
significantly less in magnesium alloy stent segments as compared with the stainless steel stent
segmentgWaksman et al. 2006). It washown that biodegradable magnesium stents can achieve

an immediate angiographic result similar to the result of other metal stents and can be safely
degraded after 4 months in human patients (Erbel et al. 2007). Howeveficatmatis of stent
characteristics with prolonged degradation and drug elution are still required and currently in

development (Moravej anidontavani2011).

Orthopedic screws consisting of MgQYREZr alloy are commercially available under the name
MagneZix aml are distributed by the medical company SyntelixMagne Zi x Compr
Scr ew 2033. MégneZix is an aluminusfree magnesium alloy that is classified as an
MgYREZr alloy. This alloy contains rare earth elements and is compositionally similar to WE43
(Windhagen et al. 2013l has already demonstrated good biocompatibility and osteoconductive
quality in vivo (Waizy et al. 2014andis recommended for treatment of among others hallux
val gus, small er bone fr act Mageegix Commessiod Screvh r o ¢
3 . 20i3). These screws have showositive results inthe pilot study on 13 patients
(Windhagen et ak013)
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Oneof the I imitations of Wi ndhagen et Anather 6s s
limitation of MgYREZr alloy is that formation of fibrous tissue was observed in direct contact
with the implantat some area@Vaizy et al. 2014). Furthermoré/indhagen et al. were not able

to verify complete screw degradation after 6 monthsn@Vagen et al. 201.3MagneZix was

still present after 12 montha the rabbit mode(Waizy et al. 2014)The manufacturer thus
promises complete degradation inup to 24 moQthika gne Zi x Compr e2083).on S
Although slow degradation of magnesiusndesirable, for some areas of medical applications
such as pediatric and maxillofatfields, shorter degradation times than 24 months are eshuir

For pediatric and maxillofaal medicine 6 months degradation would be optin&thorter
degradatiortime would minimize allergic reactions and also be beneficial in pediatric patients
that are constantly growing and thus should have implants with faster degradation to prevent

interference with the growing bone.

Several articles have reported increasthéincidence of paediatric bone fractures (Sinicumpu et

al. 2012 Sandler et al. 201 Delaney et al. 2009). Plays and sports are the common reasons to
fractures with trampolinewhich can now be seen in almost every household, being the main
reason to sth an increase (Sandler et al. 2011). Up to 41 % of all paediatric injuries are related
to trampoline (Sinicumpu et al. 2012). In about6®L% of children with bone fractures, surgical
intervention is required (Sandler et al. 20DEklaney et al. 2009).he most common site for

injury are upper limbs, tleprevalence lies between2¥ 9 % in different studies (Sinicumpu et

al. 2012 Sandler et al. 2011)and the number surgical treatment for diaphydeattures
increased 4-?old (Sinicumpu et al. 2092 Children area specific group of patients and their
treatment is often hampered since their bodies are in a constant process of growing and implants
must be adjusted to the bone development so that the growth pattern is uniform and symmetrical.
All repeated surgeriesarry risks as discussed previously, and it is thus desired to avoid such
procedures. Magnesiutrased implants could therefore aid even in the pediatric field.

The possible application areas of magnesium in maxillofacial field are screws and plates for
fixation of traumatic orbital defect§lzuka et al. 1991) treatment of zygomatic fractures
(Bergsmaet al. 1993) fixation of mandibular fracture®Quereshyat al. 2000) and fixation in
orthognathic and pediatric craniofacial surgefiedwardset al.2001)
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3. Aims

The main aim of this fiesis was to investigate magnesium impkbhtecompatibilityin vitro
and in vivo, asvell as to study their ability to resist biofilformation. Additionally, this Tesis
examines resorption of magnesium materials &sd effect on surface and surrounding

environment.
Study I: Degradation

1 To determine the corrosion rates of pure Mg, Mg2Ag, Mg10Gd and WE43.
f To analyze magnesi um®sncentrdtian,coH and on swfaceno | al i
changes.

Study II: Cellular Reactions

1 To evaluate the lorterm influence of direct exposure of pure Mg, Mg2Ag, Mg10Gd and
WE43 on the bioactivity diuman reaming debriderivedcells.

Study IlI: Biofilm

T To investigate pure Mg, Mg 2 Ag, Mgl10Gd and
as well as further biofilm formation.

1 To examine the possible correlation betweenetimty stages of biofilm formatioand the

surface characteristics.
Study IV: Histol ogical Examination

1 To determine the bone response to pure Mg;HWgand W4.

1 To evaluate the amount of gas in the bone tissue and the implant resorption behavior.
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4. Material and Methods

4.11n vitro
4.1.1.Sample production

The following materials were used to produce alloys for this study: magnesium (99.99 %,
Xinxiang Jiuli Magnesium Caltd., China), yttrium (99.95 %, Grirem Advanced Materials.

Ltd., China), gadolinium (99.95 %, Grirem Advanced Materials @d., Chim), rare earth
mixture (Grirem Advanced MaterialSo. Ltd., China), and silver (99.99 %, ESG Edelmetall
Handel GmbH & Co. KG, Germany).

Three magnesiurhased materials were produced: Mg2Ag (1.89 % Ag, the rest was Mg),
Mg10Gd (8.4 % Gd, the rest was MghdaWE43 (3.45 % Y, 2.03 % Nd, 0.84 % Ce, the rest was
Mg). Pure magnesium (99.97 % Mg) was used as a control. The concentrations of magnesium
Mg, Y, Nd and Ce were determined by spark emission spectrometer (Spectrolab M, Spektro,
Germany) and the concericms of Ag and Gd were determined byray fluorescence
spectrometer (Bruker AXS S4 ExploydBruker AXS GmbH., Germany)'he materials were

cast aHelmholtz Zentrum Geesthacht, Magnesium Innovation CeRE&G{MagIC).

The three magnesium alloys (Mg2Aiglg10Gd, WE43) were produced by permanent mould
gravity casting. After melting the pure Mg the melt was held at 720 °C and the preheated
alloying elements were added with continuous stirring for 15 minutes. The melt was poured into
a preheated (550 °C) peanent steel mould treated with boron nitride. During the casting
process cover gas was usedd8rd Ar mixture). The alloys were homogenized with a T4 heat
treatment prior to extrusion in Ar atmosphere at 550 °C (Mg10Gd and WE43) and at 420 °C
(Mg2Ag) for 6 hours (h) Afterwards the alloys were extruded indirectly with an extrusion ratio

of 4:25. The chamber of the extrusion machine was set to 370 °C and the billets (d = 30 mm)
were preheated for one hour at 370 °C (Mg2Ag), at 390 °C (WE43) and at 430g10Gd).

The extrusion speed was between 3 and 4.5 mm/sec. Pure Mg was cast by permanent mould
direct chill castingPeng et al2010). The cast billet (d = 110 mm) was extruded indirectly with

an extrusion ratio of 1:84. The billet temperature was 34arfiCthe speed of the extrusion was

0.7 mm/sec. Discs (10 mm diameter and 1.5 mm thickness) were machined from the extruded

barsand then polished with Grit 400 silicone carbide sandpaper
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4.1.2.Sample sterilization

The samples were sonicated forrAhutes (min)in dry isopropanol, dried and gamyagerilized

at the BBF Sterilisationservice GmbH facility (Kernen, Germany) with a total dosagekGiy29
4.1.3.Corrosion Measurements

Corrosion measurements were performed by two methods: immersion test and hydrogen gas
evolution test. The immersion tests were performed following in general the 1ISO 10993, but with
modifications: per 0.2 g of sample 3 mL medium consistingDMEM (DMEM, Life
Technologies) with 10 %BS (PAA Laboratories, Linz, Austria) was used. In total, 6 samples

per time point were used. Incubation was performed at 37 °C, 5 £%a@@ 95 % humidity in an
incubator (Heraeus BBD 6620, Thermo Fisher Scientific, Schw@&denany), oxygen content

was set to 20 %. The exposition time of the samples was up to @40 medium change every

48 h. After immersion, the corrosion products were removed by chromic acid (180 g/L in
distilled water, VWR International, Darmstadiermany) at room temperaturd.he average

corrosion rate was calculated using the formula:
CR=(8.76 x10qm) /(A -t-})

whereqg is the weight change in grams, A is the surface areaintdsithe immersion time in

hyand,i s all oydaendensity in g/

The experimental set up for gagokition method is depicted indgure 1. All samples were first
weighed and then immersed in DMEM containing 10 % FBS. Gas production was measured by
eudiometer (400 ml, Rettberg, Germany) at room temperature and atmogumelitions. The
graded cylinders were filled with distilled water. The reading was taken evety. dhe

observationitne was 96 h
4.1.4. Determination of Osmolality and pH

The samples were immersed into DMEM with 10 % FBS with medium change every 48 h. At

established time points the medium from 6 wells per group was collected and analzyed.
Osmolality was measured by an osmometer (Osmomat 030, Gonotec, Berlin, Germany) and pH
measurements were performed by a-meter (Titan X, Fisher Scientific GmbH, Schwerte,

Germany) for each time point.
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Figure 1. Eudiometer set up for gas evolution measurements.

4.1.5.Determination of Ca®* concentration

Concentration of Ca in the solution was measured by a calcium analyzer (9180 Electrolyte
Analyser, Roche, Mannheim, Germany) after immersion of tested alloys into DMEM containing
10 % FBS with medium change every H8In total, the medium from 6 wells per group were

tested.
4.1.6.Surface Characterization

Forthe study oDegradation the samples were immersed into DMEM with 10 % FBS and let to
corrode in incubator at 37 °C, 5 % g@nd 95 % humidity for 3, 5, 7 and 10 days. The medium
was changed every second day.diferent time points the discs were removed and let dry at
room temperature. Surface characterization was peei by atomic force microscog@FM,

XE-100, Park Systems Corp, Suwon, Korea). Measurement areas of 10 x 10 pum in three random

positions were eected for each disc. The measurements were performed at a scan rate of
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0.50Hz. The images acquired from AFM were subjected to leveling and applied Gaussian
filtering with a cutoff of 2.5 um using the software MountainsMap® Universal 6.2 (Digital Surf,
Besancon, France) anddBparameters such ag, S, Sis were analyzed. In total, 9 surfaces per
material group were studied.

For the sudy of Biofilm, the magnesium discs which were qoaated in human serum for 18 h

and then washed twice in 2 ml potassiphosphate buffer (PBS) for 10 min at 37 °C. The micro
titer plates with magnesium discs in human serum but without bacteria were incubated at 37 °C
on a rotary shaker at 3@9cles per hour in 5 % CGQor 2, 24, 72 and 168 h. The human serum
was changeevery second day. At different time points the discs were removed and let dry at
room temperature after which the surface charaetion was performed by AFMith the same

settings as described in previous paragraph.

4.1.7.Isolation of human reaming debris-derived cells

Human reaming debriglerived cells(HRD) were cultured from human reaming debris from
various patients, with the approval of the local Ethics Commisaproval number AZ 103/13,

as described bWenisch Wenisch et al2005) The adit patients were of different gender and
different ages and did not display any disease related to bone metabolism. In total, the cells from

six different patients were taken for this study.

The reaming debris was cultured in Petri dishes with F12K medgiading 20 %FBS,
100U/ml penicillin and 10Ceg/g streptomycin. After 47 days theHRD started to grow out of
the debris. When the cells reached confluence afi@w2eks they were trypsinized and
transferred to cell culture flasks. All cells were kap37°C in a 5 % CQatmosphere.

4.1.8.Cell viability

To determine cell viability a MTT assay was conducted accordibpgmann losmann et al

1983) Briefly, 10,000cells per cri were seeded into 3®ell plates containing primcubated
magnesium discs and F12K medium with 20 % FCS ande@@p streptomycin. The cell
medium was changed every second day during the experiment. Duplicates were used for each
material and patient@ndin total 12 wells per specimen were tested. AfterlR4/ days and

21 days MTT solution was added to the cell medium. The cells were then incubated in the dark
for 4h at 37°C. Subsequently the cell medium was discarded and the cells were lysed with
0.004N HCI in isopropanol. The cell lysates were centrifuged and supernatants were transferred
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as triplets to a 94vell plate. The adsorption was measured at 570 anah®30sing a Synergy
HT Microplate Reader (BioTek, Bad Friedrichshall, Germany). The MThyasgas also
performed for magnesium discs which were not seeded with the cell culture in order to exclude

material 6s effect on the test and see only h

Additionally, cell morphology was studied by inverted light microscagsing a Leica
microscope type 09035.002 (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a

Nikon DsFil digital camera (Nikon, Duesseldorf, Germany).
4.1.9.Alkaline phosphatase (ALP) content

As an indicator of changes in the differentiati@havior of the bortorming cells caused by the

test substances a SensoLyte® pNPP Alkaline Phosphatase assay (AnaSpec, Frenid®#) CA

was applied after 24 and 7, 14, 21 and 2fys of culturing inDMEM low glucose withl-
glutamine, 10 % FCS, 100 U/ngenicillin, 100 eg/g streptomycin, 0.&M dexamethasne,
0.005eM ascorbic acid and 1®M b-glycerol phosphate to induce osteogenic differentiation.
The cell medium was changed every second day during the experiment. Duplicates were used for
each materiahnd patients and in total 12 wells per specimen were tested.

The cell s wer e wa*XhAda thawmgthefcell aumben waa measui@dusing

a PicoGreen® dsDNA quantitation assay (Invitrogen, Eugene, @) according to the

ma n u f a c totocoleGelts svereplysed with 1 % Triton-200 in phosphateuffered saline.

The cell lysates were centrifuged and the supernatants were mixed with the PicoGreen® working
solution in a 96éwell plate. The samples were excited at A&band the fluorescen@mission
intensity measured at 528n. The cells that were lgd for the PicoGreen assay, were
centrifuged and the supernatants were diluted in specific assay ingfteded in the assay kit

ALP substrate was applied to the diluted samples and thebalbser measured at 485. The
absolute amounts of ALP were correlated with the cell numbers obtained frdPict@reen®

assay.
4.1.10.Transmission Electron Microscopy (TEM)

HumanHRD seeded in chamber slides (Nalge Nunc International, RochesterJSIA) were
incubated with magnesium discs for 21 days. The cell layer was fixed fmin3@ith 2 %
paraformaldehyd€dEMS, Hatfield, PA, USA)in 0.1M sodium phosphate buffer (pH 724)
with 2 % glutaraldehyd€éEMS, Hatfield, PA, USAand 0.02 % picric aci(EMS, Hatfield, PA,

24



USA), followed by 20min fixation with 1% osmium tetroxidéEMS, Hatfield, PA, USAin 0.1

M sodium cacodylate buffer (pH 7.2.4). The samples were dehydrated and embedded in Epon
(Pelco, Redding, CA, USAbefore ultrathin sections @8100nm) were applied to collodien
coated copper grids. Analysis was done with a Leo 912 transmission electron microscope (Carl
Zeiss AG, Oberkochen, Germany) at 80 accelerating voltage and equipped with a TRS
Sharpeye slow scan dual speed CCD camekbe(t Troendle Prototypentwicklung,

Moorenweis, Germany).

4.1.11.Scanning Electron Mcroscopy (SEM)

HumamDver e cultivated on magrSadisemtueensd g/l F 51
fixed dglnut2ar% Ind eOh.yld eMh oppsbdit e mopfdlerm oom t empe
foll owed by dehydration in graded series of
were mounted together on aluminum pin stubs
speci mens weaeattehdke nwaistphadd oalnd /(pSC7640 Sputter
Uckfield, East Sussex, GB) and assessed in

Oberkochen, Germany) field emission «d&anning

4.1.12 Determination of Ca®>* Consumption and pH

At established time points the medium was collected and analyzed ¥omGhe solution and

pH. The concentration of Eawas measured using a calcium analyzer (9180 Electrolyte
Analyzer, Roche, Mannheim, Germany) and pH measurememés peeformed by a piheter
(Titan X, Fisher Scientific GmbH, Schwerte, Germany) for each time point. The control group
for this investigation consisted of the wplates which contained only ti#RD and the medium

but no magnesium.

4.1.13.Bacterial Strains and Culture

The strains used for biofilm assays wéte faecalisSATCC 29212 andS.epidermidisC121
isolated from the external side of peritoneal dialysis cathetedescribed by Pihl (Pihl et. al
2010) All strains were routinely maintained onobd aga or in Todd Hewitt broth (30g/l,
Difco Laboratories, Becton Dickinson & Co, Sparks, MIBA) at 37°C in 5 % CQ.
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4.1.14 Biofilm Formation A ssays

The magnesium discs were greated in human serum for 18 h and then washed twicarmh 2

PBS for 10 min at 37 °C. Overnight broth cultures $f epidermidisor E. faecaliswere
transferred by 1O dilution into fresh, prevarmed Tod@dHewitt broth and incubated at 37 °C in

5 % CQ to the midexponential growth phase (optical density at 60 0&). The bacterial
suspension was centrifuged at 3000 rpm for 10 min at 5 °C washed once in PBS and re
suspended in 1% human serum to a finabocentration of approximately 16 cellsml'*. The

bacterial suspension was added to a microtiter plate with the magnesium discs and the bacteria
were allowed to adhere for 2 h at 37 °C on a rocking platform aty06s per hour. Following
incubation for 2h, the surfaces were rinsed twice imRPBS with pH 7.5 to remove loosely
bound cellsS. epidermidisvas then further incubated for 24, 72 and 168 h respectively. Adhered
cells were stained using the Live/Dead BacLight staining kit (Molecular Préegene, OR,

USA) and then visualized usingristoplan fluorescent microscopd._¢itz, Wetzlar, Germany

Ten images per surface were recorded with a digital camera and the number of bacteria on each
image was counted by hand in a field area of 15608 Athexperiments were carried out three

times for each surface.
4.1.15.Statistical Analysis

Data were analyzed using the Statistical Package for the Social Sciences (SPSS, v18, SPSS Inc,
Chicago, USA). The sigyncance level was set at 5 %tandard angkes comparing more than

two treatments were conducted via omay repeated measures analysis of variance (ANOVA).
Oneway repeated measures ANOVA was performed with the Dunn or itBttak posthoc

test. Surface characterization valueg $& Sqir) hadnon-normal distribution and Kruskawallis

test was performed. The graphs were plotted with Microsoft Excel® computer software (MS
Excel 2003, Washington, USA).
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4.2 In vivo
4.2.1.Sample Production

Three types of magnesiubased implants were used in this study: a) pure Mg (99.8 % of Mg by
weight (vt)), b) W4 alloy, VMWO 061 R11698&) Mg-hydroxyapatite KHA) (80 % W4, 20%

HA). The HA powder was produced by spray drying a HA slurry.-Hi#g samples wee
manufactured by higlkenergy milling of a mixture of HA and Mg granules and extruding the
homogenat@Witte et al 2007)

Pure Mg and W4 were cut from cast ingots and machined into rod samples with a dimension of
5.0 mm in length and 5.5 mm in diametienplants were ultrasonically cleaned and packed into
airtight pouches. Gamnsierilization was performed at the BBF Sterilisationservice GmbH
facility (Kernen, Germany) with a total dosage ofkZBy.

4.2.2.Implantation

All animal experiments were condudteaccording to theEuropean Commission Directive
86/609/EEC for animal experiment& total of 24 female New Zealand white rabbit$affred

Bauer, Neuenstein, Germanygre used. There were 8 animals in each group. Thanasthetic
procedure included amtramuscular administration of Ketamine (50 mg/kg) and Xylazine (1
mg/kg). General anesthesia was then achieved with intravenous administration of Ketamin (25
mg/kg) as well as Midazolam OB mg/kg. Posbperative anesthesia was achieved with
Buprenorphin 0.05 mg/kg.

An incision at the skin level was performed followed by a muscle layer and a periosteal incision.
Next, a flap was reflected, and the bone exposed. The samples were implanted by lateral
approach to the left distal femur condgfer predriling with a 5.5 mm handperated diamond

bone cutting system under constant irrigation with saline solution. Implantation was performed
pressfit into the spongiosa. One magneshased implant was implanted per rabbit. The
periosteum, muscle, and dermigdawere closed with-8 vicryl (Ethicon Johnson, Miami, FL

USA) resorbable suture, using single interrupted nodes. The skin was suturedOmtilah
(Ethicon Johnsonsutures. After the surgical procedures, the animals were kept in their cages

under catrolled lighting and temperature.

After the operation, all the animals received 128 mg of Veracin as an antibiotic prophylaxis.
Postoperatively, the rabbits were allowed to move freely in their cages without external support.

Four rabbits per group wera@iyced randomly at 6 and 12 weeks pogeration, respectively.
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4.2.3.Histological Preparations

The bone samples were embedded in paraffin and in methyl methacrylate based resin

(Technovit® 9100, Heraeus Kulzer, Hanau, Germany)

For the paraffinembedding, the specimens were first fixed in%4 phosphatduffered
paraformaldehyde (Merck, Darmstadt, Germany), then decalcified with %0
ethylenediaminetetraacetic acid (EDTA, pH,8gma, Taufkirchen, Germany) in 3.5 M Tris
buffer (pH 7.4 Sigma) for 21 days, dehydrated with graded ethanol concentrations, saturated in
xylene, and finally embedded in paraffin. Sectionsid 8m thickness were cut with a rotator
microtome (Leica, Bensheim, Germany), deparaffinized, and then stained wittokgmaand

eosin (HE) (Shandon Scientific Ltd, Cheshire, UK).

For the Technovit® 9100 new embedding, the samples were prepared according to the
manufacturers protoc§Heraeus KulzeGmbH, Wehrheim, Germahywnd then grinded into 50

em thick specimens usy EXAKT 400CS microgrinding systemBExakt GmbH, Norderstedt
Germany. The grindings were stained with toluidine blue (TB) and tarmdestant acid
phosphatase (TRAP). Briefly, the grindings were first deplastified. For TB, they were etched in
20 % hydiogen peroxide for 40 minutes, stained with TB solution containing Sodium Tetraborate
(Merck, Darmstadt, Gemany), Pyronin G (Merck and Toluidine blue (ChromaDlching,
Germany). The grindings were then let to dry foh24ashed in 1006 ethanol anaylene, and
coverslipped with DePeX mounting mediurBe¢va Electrophoresis Life Science Products,
Heidelberg,Germany. For TRAP the sections were treated with 0.1 M Sodium Acetate buffer
and incubated in Napth@&S-TR phesphate (N6128.G, Sigma in Ni N-Dimethyl formamide
(Sigma Aldrich) angodium tartrate (Mergkwith Fast Red TR salt (Sigma Aldrich) at 37 °C for

60 minutes. Coverslipping was performed using DePeX.

4.2 .4 Histomorphometric Analysis

Image capturing usefixioplan 2 Imaging system (Carl Zeiss, Germany) associated to a DC500
camera (Leica, Germany). Image evaluation was performed on {Rra@ePlus (Weiss Imaging

and Solutions GmbH, Germany) and Photoshop CS3 Extended® (Adobe, v.10.0.1, 2007, USA).
The regon of interest (ROI) was defined as 2 mm from the implant surface since we were mainly
interested in implant stability in the surrounding bone and the reaction of the nearby tissues.
Briefly, circles with diameter 7.5 mm were created in Photoshop CS3ded@nand placed in

the implant area. The implant was centered in the middle of the circle. All histomorphometric

analysis was then limited to the ROI inside the circle. For measuring the amount of gas voids,
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corrosion layer and new bone, all areas contgirthese structures were first selected and then
the total area calculated. For quantification of TR#d3itive cells, all cells were counted in the
ROI and then the resultant number was divided by the circle ared (mget the mean number
of cells permma2. In order to determine the implamine contact, the interface between material

and trabeculae was measured in mm for each animal.
4.25TEM

Examination under TEM was performed in order to study the cell morphology and bone response
to magnesium matials. The same protocol as for in vitro study was apptiedrepare the
samples for examinatiofp.24) and then ultrathin sections of about 80 nm werecut using the
ultramicrotome (Reicheflung, Vienna, Austria)Examination was done with thiieansmission
election microscope Leo EM 912 (Ze)ssmages were recorded with a 2k x 2k slow scan CCD

cameraAlbert Troerdle Prototypentwicklung, Moorenweis, Germany
4.2.6.Statistical Analysis

Data wereanalyzed usingPSS®. The sigygicance level waset at 3. ANOVA test was used
to determine whether any sigeant differences in hydrogen gas production, bone contact,
corrosion layer and implant resorption existed between the three gidwgag.aphs were plotted

in Microsoft Excel® computer software.
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5. Results

5.1. Degradation

Degradation of magnesium is a complex process which consistaeot e rmassl |@ss,
hydrogen gas production, change in osmolality, pH and @acentratiorof the surrounding
medium as well as of surface changes of degrading implants. These changes were measured in
this study and are presented below.

5.1.1.Corrosion

An important problem of magnesium is a high corrosion rate with consistent hydrogen gas
formation on contact with fluids (Witte et al. 2008). Corrosion is determined by the changes in
sample mass, and/or the produced gass volume. Thus, both the masadlicssdi@meter

methods were performed in this study.

WE43 alloy showed the fastest degradation of all materials measured both by immersion and gas
evolution méehods, followed by Mgl0Gd (Fig 2). Corrosion of Mg2Ag and pure Mg was
comparable, but was seewhat lower for Mg2Ag. Figure B illustrates the mass loss at different

time points during degradation under cell culture condititthean be seen that the mass loss
increases up to day 7 for all sameml At day 7 a slight mass loss vadserved for Mgl0G and a

rapid mass loss for WE43. For Mg2Ag amare Mga slight mass gain after day 7 could be due

to crystal f or mat The meamw corrosica mafe lwasdodvestsiruNgRAa,cbet it
was nothighly significantly different compared to WE43 (0-09).

Gas evolution test has shown that corrosion tends to slow down after day 3 for all but WE43
alloy (Fig 2 C). WE43 was corroding fast in vitro and its degradation did not slow down even
after 4 days. The graph of mass loss (Fig. 2 B) and the grapfinghgas emission (Fig. 2 C)
have quite similar patterwith significantly higher values for WE43 compared to the other
groups (p O 0.05)
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5.1.2. Osmolality

For pure Mg and Mg10Gd osmolality was generally on constant level up to day 7 (Fig 3 A).
After day 7 osmolality dropped for all tested materials. For Mg2Ag osmolality increased between
day 3 and 5, but then decr eas ewilueaVaried butithe a f t

lowest osmolality value was reached at day 10.
5.1.3. pHT measurements

The original control pH of the medium was 7.9. It was observed that pH of the medium in which
the samples were immersed was fluctuating over the observatiod (ig. 3 B). Generally, pH
increased starting from day 3 and reaching its peak at day 7. After day 7 it decreased for all
groups. The highest mean pH wasind for WE43(1.05 + 0.23) whereas the lowest mean pH
wasmeasuredor Mg2Ag (0.44 + 0.17)at alltime points. No significant differences were found

between the groups at various observation periods.
5.1.4. C&" Concentration

Concentration of Cd ions in the original control solution was 1.1 mM/L. It was observed that
C&"* concentration generally decreasing for all samples (Fig. 3 C). This decrease was fastest for
Mg2Ag and WE43, whereas for pure Mg and Mg10Gd it was more unifinere was observed

a signisignificantly lower concentration of €#or pure Mg and Mg10Gd atay 3 compared to

the other ¢ rNouoopaatioh was fodhd IBetwéeh?Tand pH of the solution.
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Mg and Mg10Gd at day @ompared to the other groupsp O 0.01)
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5.1.5.Surface Characterization

Corrosion of magnesium implants influences r
important role for cellular and bacterial attachment. Both too rough and too ssuwfztbes are

not beneficial and hinder bone formation around impl@Msnnerberg and Albrektss@®900).

Several parameters can describe implant surface topography, such as average surface roughnes
(Sa), developed surface area ratigJSnd summit densi (Sy9 (Wennerberg and Albrektsson

200Q Stout et al. 1993)

The AFM-measurements have revealed thata&ues of Mg2Ag, WE43 and Mg10Gd formed a
similar pattern (Fig. % For these groups,,%/as lowest at day 0 but increased from day O to day
3, reaching a peak at day 3. Afterwardgi€creased at day 5 but then started to increase slowly
up to day 10, but this fluctuation was not statistically significant. In contras&l@esof pure

Mg were rather constant.
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g 80 1 —o—Pure Mg
G =—Mg2A
N 60 - g-2Ag
WE43
40 - ==Mg10Gd
20 -
0
0 3 5 7 10
Day

Figure 4. S,, average surface roughness, of magnesium alloys over time
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Sqr values of Mg2Ag, WE43 and Mg10Gd showed a similar pattern, && $he same materials
(Fig. 5. The values reachednaaximum at day 3or all but pure Mg groupgshen decreased at
day 5 and then started to grow slightly up to day 10. Increasg wal8es from day 5 to day 10
was not found to be statistically significanside the groupMg10Gd had significantly highes,

compared to all other groups at day (p0O 0.01). Sy, and S of pureMg had alike constant

pattern.
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g 401 =—o—Pure Mg
3 30 - ——Mg2Ag
WEA43
20 - —¢=Mg10Gd
10 -
0
0 3 5 7 10
Day

Figure 5. S, a ratio between the-B measurement and al2 reference plane, of magnesium
alloys over time.Note significant difference between Mgl0Gd and other groapgiay 10
(p O 0.01).

Sysof WE43 was rather constant over the observation period and no statistical differences were
found between diffrent observation points (Fig).@-or the other pups, Js was fluctuating

over observation periodPure Mg and Mg2Ag had a similar pattern of surface change over time.
For both of these materialgs2lecreased and reached its minimum at day 5. It then increased
again at day 7 but started to fall until day 10, but this decrease was not significant. For Mg10Gd,
S¢s was minimal at day 3 and maximal at day 5, and was then decreasing until dayel04g

values for G were significantly lower at day 5 compared to all otherugs at this time point

(p O0.0.01
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Figure 6. Sys, the number of summits per unit area making up the surédeaagnesium alloys
over time Note sgnificantly lower values for pure Mg compared to all other groups at day 5
(p O 0.01).

36



5.2.Cellular reactions

Cel | viability, di fferentiation, mor phol ogy,
surface have bednvestigated in this study along with the pH changes arfdBacentration in

order to evaluate magnesiums influence omtimaary HRDcells.
5.2.1.Cell Viability

The aim of this study was to evaluate magnesium dloys forf teecbioactivity oHRD cells

up to 28 days of direct exposurePure magnesium, Mg2Ag, WE43, Mgl0Gd induced
cytotoxicity to HRD were determined by conducting an MTT assay. Aftethatiere was no
statistical difference in the number of viable cells le=twthe groups-{g. 7). After 7 days the
significant difference between the control group without magnesium and all other tested
materials could be observed with higher number of viable cells in the control. After 21 days this
difference was even more dbw us wi t h p7). Dwaé obSebvdd thatRhe gumber of
viable cells increased in the control group from day 1 to day 21, while in all other groups the cell
viability was suppressed and no significant difference was seen inside and betwgsufise

over the study period.
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Figure 7. MTT results forHRD after exposure to different magnesium materials over time.
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5.2.2.Alkaline PhosphataseContent

The ALP contentin HRD is an important factor in bone mineral formation and shows a scale of
changes during differentiation. The results for Addhtentare presented in Fig. No inhibition

of the ALP content caused by Mg2Ag, Mgl0Gd and WE43 was observed in osteogenic
differentiating HRD at days 14 and 2@t day 1 the ALPcontentwas significantly higher for
Mg2Ag (p = 0.004) and WE43 (p = 0.003) compared to the corfitha.significantly low values

for the ALP contentcompared to the control group were observed in pure Mdagt 14

(p =0.005) and 28 (p = 0.0p1
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Figure 8. ALP contentsafter exposure to different magnesium materials over time.

5.2.3.Cell Morphology

Changes in the cell morphology were detected by inverted light microscopyRrand for
osteogenic differentiatinglRD. After 7 days of exposure to pure Mg, Mg10Gd and WHERD
showed a reduction in cell number and an increasing amount ofle®iis in the medium

(Fig. 9).
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Few or no cells were seen in direct proximity to pure Mg, Mg10Gd or WE43. Instead, the cells
were foundon the edge of the well&ig. 9 f). The reduction in cell number was more apparent in
pure Mg than in any other group. The cell morphology in presence of Mg2Ag was similar to the

control and the cells were directlgrtacting the Mg2Ag disc$-(g. 9 ).

Figure 9. Morphology ofHRD at 7 daysa. Control group, the well islensely covered with the

cells.b. Pure Mg, much fewer cells compared to contcoMg2Ag, the well isdensly covered

with the cells.d. Mg10Gd, much fewer cells compared to contrel. WE43, similar in
appearance o pure Mg and Mgl10Gd with very fifrow cel
pure Mg, Mgl10Gd and WE43 the cells were fou
Mg 10Gdos lkegdndasterixl gneagnesium disarrows = products of degradatio

The cell appearance day 21 is presented in Figure.18t 21 days thedRD in WE43 and
Mg10Gd started to appear closer to the disc although their number was still low compared to
control and to Mg2Ag. In pure Mg the cells were still only found around the edge of the well and
not in material 6s pr oxiogywasclosestto th&gpatral guviththighe ¢ ¢

cell density directly contacting the discs.
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Figure 10 Morphology ofHRD at 21 daysa. Control group, the well islensely covered with

the cellsb. Pure Mg, almost no cells compared to conitoMg2Ag, the well isdensely covered

with the cells.d. Mg10Gd, much fewer cells compared to control but more than at day 7.
WE43 similar appearance to Mgl0Gd with somewhat more cells than at dayCvystal
formation was observed for all materials.eTh i mage s h o ws Lggend.asteriig 6 s w

magnesium disc. Scale bar represents 100 pm.

The osteogenic differentiatitdRD showed a similar pattern of cell morphology and cell number
asHRD (Fig. 11). No cells were found inigkct contact to pure M{Fig. 11 b). Mg2Ag was the
closest to control at all time points regarding morphology and cell density. At day 28 the
osteogenic differentiatinglRD in Mg2Ag group were still closest to control regarding teé c
number Fig. 11 ¢). More cells appeared@aind Mg10Gd and WE43 at day 28 compared to other
time pants for these material§ig. 11d and .
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Figure 11 Morphology of osteogenic differentiatitdRD at 28 daysa. Control group, the well
is densely covered with the cells. Pure Mg, few cells compared to contralMg2Ag, the well
is densely covered with the celld. Mg10Gd, the well isdensely covered with the cells.

WE43, the well isdensely covered with celld.egend:asterix = magnesium disarrows =

products of dgradation. Scale bar represents 100 um.

5.2.4. TEM

Intracellular structure was examined after exposure of HRD to magnesium samples for 21 days.
It was observed that the number of lysosomes and endocytotic vesicles was higher in the HRD
exposed to magnesium alloys than in the control (Fig.Ia2Y1g2Ag degaded material particles

were found inside the lysosomes (Fig. 12 e) and in the cytoplasm (Fig. 12 f). The degradation
particles were not observed in the other groups.

41



Figure 12 TEM analysis at day 2X. Control.b. Mg2Ag. c. Mg10Gd.d. WE43. e. Lysosome
of the HRD cultured with Mg2Ag. Note the degradation particles (arrovs}ytoplasm of the
HRD cultured with Mg2Ag. Note the degradation particles (arrowsgend: asterix =
lysosomesndocytotic vesicles = nucleus. Note the high amount of lysosomes and endocytotic

vesicles irb, c andd.
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