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WELCOME MESSAGE FROM THE CHAIRS

After two difficult years of pandemic, we are proud to introduce and welcome

you back to the 14th Symposium on Biodegradable Metals in Alicante, Spain,

from Wednesday, August 24th to Monday, August 30th, 2022. This year, a

hybrid mode will be applied. Allowing the presenters who cannot be in person to

attend the conference and present their works. The symposium will emphasize

its academic conference style with an openly discursive format, rather than a

lecture and question-answer format. This style will be completed by the

traditional discussions and the unconventional daily free-time sessions early in

the afternoon. Behind the presentations, this symposium aims to discuss open

questions on the session topics, new approaches, background knowledge, and

personal views among the participants. Furthermore, discussions at the poster

session will focus on specific topics and will encourage the participants to raise

critical questions or help each other advance the field of biodegradable metals.

The architectural buildings and the white sand beaches will complete the

experience we intend to offer to the attendees. The location was specially

selected for bringing the attendees into a new region to explore, know, and be

inspired by. We really hope your stay in Alicante will be intellectually rich and

exciting and wish you to take a moment to follow the horizon of this

Mediterranean city! We are really honored to welcome you to the 14th Biometal

2022 next August!

Symposium Co – chairs:

Diego Mantovani

Laval University, Canada

Yufeng Zheng

Peking University, China

Frank Witte

Berlin Charité, Germany

Mark Staiger

University of Catenbury, New Zeland
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Towards the development of a biodegradable metallic ureteral stent: 

Characterizing the corrosion and encrustation tendency of Mg alloys under in 

vitro urinary tract conditions 

M Pacheco1,2, IM Aroso1,2, JM Silva1,2, SV Lamaka3, M Zheludkevich3, J Bohlen4, M Nienaber4, D 
Letzig4, CJ Hassila5, C Persson5, E Lima6, AA Barros1,2, RL Reis1,2 

1 3B's Research Group—Research Institute on Biomaterials, Biodegradables and Biomimetics, University of Minho, 
Guimarães, Portugal. 2ICVS/3B's-PT Government Associate Laboratory, Braga/Guimarães, Portugal. 3Institute of 

Surface Science, Helmholtz-Zentrum hereon GmbH, Germany. 4Institute of Material and Process Design, Helmholtz- 
Zentrum hereon GmbH, Germany 5Division of Biomedical Engineering, Department of Materials Science and 

Engineering, Uppsala University, Uppsala, Sweden 6School of Health Sciences, Life and Health Sciences Research 

Institute (ICVS), University of Minho, Braga, Portugal 

produced by AM are still under study, but it is 

visible clear differences between the different 

producing parameters used (Fig.1). 

INTRODUCTION: A biodegradable metallic 

ureteral stent (BMUS) is expected to have unique 

properties, such as slower degradation and 

improved radial strength (compared with the 

biodegradable polymers), which will be a novel 
concept in endourology1. The aim of this work was 

to access the behaviour of different Mg alloys 

under ureteral stent environment in terms of 

corrosion and propensity to encrustation. 

METHODS: AZ31, Mg1Zn, Mg1Y, Mg4Ag and 

pure Mg wires -1mm diameter- were produced by 

direct extrusion (350 ⁰C, 0.2mm/s). WE43 powder 

was used for additive manufacturing (AM) assays. 

Through AM, wires of 1 mm diameter were 

produced with a hatch distance of 0.05 and 0.06 
Fig. 1: Macroscopic images of the alloys after 24h 

in contact with AU under dynamic conditions (the 

arrows indicate the points of higher accumulation 

of corrosion products). 

mm (WE43-0.05_W and WE43-0.06_W, 

respectively) as well as tubes with an external 

diameter of 2.34 mm and internal diameter of 1.56 

using hatch distances of 0.04, 0.05 and 0.06 mm 

(WE43-0.04_T, WE43-0.05_T and WE43-0.06_T, 

respectively). The produced samples were studied 

under in vitro dynamic conditions with artificial 

urine (AU) –ASTM F 1828-97 (2006). SEM-EDS, 

ICP-OES, XPS, profilometry, Raman and weight 

loss were performed for characterization. 

DISCUSSION & CONCLUSIONS: Mg1Y 

showed an homogeneous corrosion – crucial for a 

biodegradable ureteral stent. The samples produced 

by AM require further analysis to reach precise 

conclusions, but this seems to be a promising 

technique for the development of ureteral stents 

with innovative designing features. This study 

revealed important preliminary results on the 

behaviour of biodegradable metals under urinary 

environment, which is a key starting point 

throughout the development of a BMUS. 

RESULTS: All samples were covered by a 

corrosion layer (Fig.1). Mg4Ag showed a 

corrosion layer distinguished by the presence of 

various spots of agglomeration of encrustation 

along the wire’s surface. AZ31 and Mg1Zn 

showed a similar pattern but a significant lower 

amount of corrosion products, while a more 

homogeneous corrosion layer was formed on 

Mg1Y and pure Mg. As indicated by the chemical 

analysis, P, O, C and Mg were the most abundant 

elements and struvite was detected in some 

samples. Mg1Y presented an even corrosion, 

which is an important property since it can lead to 

a homogeneous degradation. 

REFERENCES: 1Mei D, Wang C, Nienaber M, 

Pacheco M, Barros A
, 

Neves S, et al. (2021) 

Corrosion behavior of Mg wires for ureteral stent 

in artificial urine solution. Corros Sci. 

ACKNOWLEDGEMENTS: The authors are 

grateful for the financial support from FCT, 

through 

SFRH/BD/145285/2019, and the project NORTE- 

1-0247-FEDER-047112 as well as VINNOVA 

a PhD Scholarship 

0 

through Competence Centre AM4Life (2019- 

00029). The other alloys, on the other hand, showed to be 

prone to heavy localized corrosion. The samples 



InVit - 1Abstract book – 14th Symposium on Biodegradable Metals Invit - 4Abstract book – 14th Symposium on Biodegradable Metals

  
 

In vitro and in vivo degradation and biocompatibility of Mg-based intermetallic 

particles 

H.Y. Tang1, W.T. Lin1, Y. Zhao1, X.N. Gu1,*, Y.B. Fan1,* 

1 Key Laboratory for Biomechanics and Mechanobiology of Ministry of Education, School of Bio- 

logical Science and Medical Engineering, Beihang University, Beijing, 100083, China 

that of Mg particle, exhibiting lower IL-1 and IL-6 
INTRODUCTION: Mg alloys are widely investi- 

gated as candidates for orthopedic implants and 

vascular stents. However, due to the electrode po- 

tential difference, Mg alloys tend to leave high po- 

tential intermetallic compounds particles after deg- 

radation. In this study, Mg-based intermetallic par- 

ticles have been prepared and their degradation and 

associated biocompatibility was systematically 

investigated in vitro and in vivo. 

and higher TNF-α than the control. In vivo experi- 

ments suggested that, similar to pure Mg, the in- 

termetallic particle caused an infiltration of in- 

flammatory cells at the implantation site, with the 

inflammatory response decreasing over time. Al 

and REs were accumulated in the heart, liver, 

spleen, lung and kidney, while, 4 weeks post- 

implantation, the element concentrations in each 

organ were decreased obviously. 
METHODS: The Mg-based intermetallic particles 

were prepared by atomization. The degradation 

behaviour was studied by immersion in saline and 

cell culture media, respectively. The effect of Mg- 

based intermetallic particles on RAW 264.7, 

MC3T3-E1, HUVEC and HAVSMC were meas- 

ured with respect to cell viability, inflammatory 

factor secretion, osteogenic and endothelial cell 

differentiation. Moreover, the in vivo degradation 

and biosafety of the intermetallic particles were 

verified by subcutaneous implantation in SD-rats. 

RESULTS: The Mg-based intermetallic particles 

could gradually degrade with the degradation rate 

ranking order Mg Al < Mg Nd < Mg La < 1 7 12 12 12 

Mg Ce. As shown in Fig.1, viability of all the cell 1 2 
Fig. 1: Cell viability of cells cultured in different 

concentrations of pure Mg, Mg Al , Mg La, 
types was decreased concentration-dependently by 

intermetallic particles. HUVEC and HAVSMC 

exhibited > 75% cell viability when the concentra- 

tion of the intermetallic was lower than 0.001 g/ml. 

In contrast, the cell viability was significantly more 

affected in MC3T3-E1 and RAW 264.7. Obvious 

cytotoxicity of MC3T3-E1 was observed for 

Mg Ce even the particle concentration is reduced 

1 7 12 12 

Mg Ce and Mg Nd for 2 days. 1 2 12 

DISCUSSION & CONCLUSIONS: The results 

demonstrated the degradability of Mg-based inter- 

metallic particles. It may be due to the faster deg- 

radation of Mg La, Mg Ce, which resulted in cy- 1 2 12 
1 2 

totoxicity to MC3T3-E1 and RAW 264.7 cells. 

However, low concentrations of intermetallic par- 

ticles did not adversely affect the cellular activity. 

The intermetallic particles had an upregulation ef- 

fect on eNOs and VEGF expression in HUVEC. 

Similar to pure magnesium, intermetallic particles 

induced inflammatory responses at the implanta- 

tion site due to foreign body reactions. Al and REs, 

although accumulating significantly in the organ, 

decreased in elemental concentration over time. 

to 0.0002 g/ml. Significantly decreased viability of 

RAW264.7 was also shown for Mg La > 0.005 1 2 

g/ml. Q-PCR results indicated that intermetallic 

and Mg particles up-regulated the expression of 

Col-1 in MC3T3-E1 except for Mg Ce, and all 1 2 

intermetallic particles down-regulated the expres- 

sion of Runx2 and OCN. For HUVEC, up- 

regulation of eNOs was seen for all the intermetal- 

lic and Mg particles except for Mg Ce. Mg parti- 1 2 

cles down- and up-regulated VEGF and VCAM-1 

expression, respectively, whereas all intermetallic 

particles up-regulated VEGF and VCAM-1 expres- 

sion. Intermetallic particles induced the secretion 

of inflammatory factors in macrophages similar to 

ACKNOWLEDGEMENTS: This work was sup- 

ported by the National Key R&D Program of Chi- 

na (2018YFC1106600), the National Natural Sci- 

ence Foundation of China (52071008). 
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Bovine serum albumin additions in Hanks’ solutions: Effect on the corrosion 

mechanism of powder-processed FeMn alloys 

C Tonna1, J Buhagiar1 

1 Department of Metallurgy and Materials Engineering, University of Malta, Msida, Malta. 

INTRODUCTION: The use of Fe-based alloys 

for biodegradable implant applications has 

attracted considerable interest over the last couple 

of decades. Whereas the corrosion mechanisms of 

the more popular Mg-based alloys have been 

studied in detail in various in vitro scenarios, the 

influence of testing electrolyte variations on the 

corrosion behaviour of Fe-based alloys is less 

clear. In particular, the authors have studied the 

influence of Ca2+ ions in HBSS on the corrosion of 

Fe-based alloys [1-2]. However, the effect of 

protein additions to typical testing electrolytes, 

especially on the widely studied FeMn alloys, has 

so far not been investigated. When tested with 

other biodegradable metals like Mg and Zn, protein 

has been known to chelate positive ions, adsorb to 

surfaces creating barrier layers and buffer pH [3]. 

Fig. 1: Cracked Ca/P-rich products revealing 

localised pit on FeMn alloy tested in HBSS+BSA. 

containing electrolyte exhibited localised pits 

underneath Ca/P-rich clusters, as seen in Figure 1. 

DISCUSSION & CONCLUSIONS: The 
METHODS: Fe35Mn coupons were prepared 

through the powder metallurgical route. 10 g of 

mixed Fe35Mn powder was pressed at 520 MPa 

using a hydraulic press and sintered for 3 hours at 

presence of albumin in HBSS led to a significantly 

reduced corrosion resistance of the tested FeMn 

alloys compared to protein-free HBSS, as shown 

using EIS. The delayed increase in corrosion 

product resistance, typically observed as a high 

frequency time constant in Ca2+-containing HBSS, 

is indicative of the chelating effect protein 

molecules have on Ca2+ ions, reducing the 

availability of such ions for the precipitation of 

protective Ca/P products. With time, the chelating 

capacity is reduced and Ca/P clusters precipitate, 

underneath which conditions are favourable for 

pitting to take place. This contrasts with the rather 

uniform corrosion observed in BSA-free HBSS. 

The thin oxide layer visible all over the sample 

surface through dehydration cracks does not 

provide enough resistance to increase RCT above 
that measured in BSA-free HBSS. This study 

indicates that corrosion of FeMn in vivo should not 

be hindered by the presence of proteins alone. 

1 120°C under 100 l/hr 
   N2-5H2  flow. 

Electrochemical Impedance Spectroscopy (EIS) 

tests were performed on an exposed area of 1 cm2 

over the course of 24 hours at 37°C in HBSS 

(ThermoFisher Scientific, 14025) and in HBSS 

with 20.6 g/L Bovine Serum Albumin (BSA) 

(Sigma Aldrich, 07006) and with 8 ml/L Pen Strep 

(Gibco, 15140) to prevent microbial growth. 

RESULTS: Observation of the Bode plots for 

FeMn tested in HBSS+BSA, compared to Bode 

plots for tests in HBSS presented in previous work 

[1], indicates that the total impedance across all 

frequencies is significantly lower in the former 

over the 24-hr period. Modelling of the EIS spectra 

using an adequate equivalent circuit model also 

indicates that this observation translates to the 

material’s charge transfer resistance, RCT, which 
loosely represents the corrosion resistance of the 

material. Moreover, whereas in protein-free 

electrolyte a very noticeable high-frequency time 

constant is observed upon immersion, there is a 

significant delay in the appearance of the same 

time constant when testing in HBSS+BSA. SEM- 

EDS analysis of the tested surfaces following the 

tests also shows visible differences in the surface 

morphology of FeMn coupons tested in BSA- 

REFERENCES: 1 C. Tonna, C. Wang, D. Mei, et 

al (2022) Bioact Mater 7:426-440. 2 C. Wang, C. 

Tonna, D. Mei, et al (2022) Bioact Mater 

7 :412-425. 3 D. Mei, C. Wang, S. V. Lamaka, 

et al (2021) J Magnes Alloy 9:805-817. 

ACKNOWLEDGEMENTS: The authors would 

like to thank the Malta Council for Science and 

Technology, for funding BioSA (R&I-2017-037-T) 

through FUSION: R&I Technology Development 

Programme. 
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Comparative tissue performance of Mg alloys in an atherosclerotic in vivo 

vascular model using multimodal imaging 

Maria Kwesiga, Adam Griebel2, RJ Guillory II 1 
1 Michigan Technological University, Biomedical Engineering Dept, Houghton MI, USA 

2Fort Wayne Metals, Fort Wayne IN, USA2 
 

INTRODUCTION: A major hurdle when 

investigating the in vivo reaction towards new 

vascular materials is the healthy arterial 

environment used in pre-clinical animal studies. It 

is well known that these healthy preclinical models 

do not fully mimic the tissue progression seen in the 

clinic. We will attempt to bridge this preclinical 

knowledge gap by testing Mg alloy wires in a 

challenging inflammatory microenvironment by 

implanting wires made from standard and novel Mg 

materials (AZ31 and WE22) into the abdominal 

aorta of APOE-/- transgenic mice. These mice 

development atherosclerotic lesions and possess 

higher inflammatory cell infiltrates when compared 

to wild type controls1. We then employed multiple 

imaging modalities in order to characterize the 

biological response towards the Mg alloys, 

including immunofluorescence (IF) and elemental 

mass spectrometric (MS) imaging. 

METHODS: AZ31 and WE22 wire materials were 

prepared via conventional wire drawing practices to 

a diameter of 100 µm. Due to the low column 

strength of the fine wires, a modified in vivo wire 

implantation scheme was adapted wherein pilot 

holes were punctured via a stiffer stainless-steel 

wire followed by the Mg alloy wires (n=3 per alloy). 

Wire segments were left in place for 30 days. 

Arterial sections were collected and processed for 

multiple imaging modalities. Frozen sections were 

either dehydrated in a series of ethanol baths, 

formalin fixed, or imaged natively (n >20 sections 

per sample). We then used a high throughput 

fluorescent slide scanner (Axioscan.Z1) for imaging 

autofluorescence and IF labelled sections. Serial 

colocalization of multiple signals were performed in 

order to obtain detailed description of the Mg- 

product-tissue interface. High resolution mass 

spectrum (MS) imaging was then performed on 

tissue cross sections in order to visualize the in-situ 

elemental distribution of implant derived metals. 

RESULTS: We characterized the progression of 

the biological response of Mg materials using 

multimodal imaging. We observed that WE22 wires 

resisted complete degradation by the 30-day 

timepoint, even within atherogenic APOE-/- 

environments.  Inflammatory  reactions  were 

investigated by performing CD80 IF stains on tissue 

cross sections. WE22 wires produced more 

inflammation in peripheral areas vs AZ31 implanted 

wires. Considerable 56Fe and 31P was present 

surrounding WE22 implants, which we speculate is 

a marker of macrophage-based inflammation. 

Heightened 26Mg presence is seen within both AZ31 

and WE22 neointimas at 30 days. 
 

Fig. 1: Cross sections and imaging of AZ31 and WE22 wires 

implanted in atherogenic APOE-/- mice for 30 days. First 

column displays brightfield imaging of sections containing the 

wires, with AZ31 showing substantially more degradation. 

Second column demonstrates standard H&E and 

immunofluorescent (CD80) imaging of WE22 implanted 

within arteries. Third column shows elemental ratios of 56Fe- 
66Zn and 31P via elemental MS imaging. 

 

DISCUSSION  &  CONCLUSIONS:  Our 

preliminary results show that WE22 wires may elicit 

a more robust arterial inflammatory response when 

compared to AZ31.This could be due to the 

differences in corrosion rates, with the AZ31 

material being nearly completely resorbed in some 

sections at 30 days. This complete resorption was 

seen in unstained un fixed tissue sections, and in 

cross sections observed with elemental imaging, 

displaying high amounts of Ca and P present 

throughout the entire wire cross section suggesting 

complete conversion to corrosion products. 

Investigating Mg alloys within atherogenic mouse 

models could allow for more realistic inspection of 

Mg bio-alloy performance. 

REFERENCES: 1 Nakashima, Yutaka, et al. 

"ApoE-deficient mice develop lesions of all 

phases of atherosclerosis throughout the arterial 

tree." Arteriosclerosis and thrombosis: a 

journal of vascular biology 14.1 (1994): 133- 

140 
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RF-induced heating of biodegradable magnesium-based implants during MRI 

J Espiritu1, M Berangi2,3,4, H Cwieka5, K Iskhakova5, A Kuehne2, B Zeller-Plumhoff5, F Wieland5, 

T Niendorf2,3,4, R Willumeit-Römer5, JM Seitz1 
1 Syntellix AG, Hannover, Germany, 2 MRI.TOOLS GmbH, Berlin, Germany, 3 Charité – 

Universitätsmedizin, Berlin, Germany, 4 Berlin Ultra-high Field Facility, Max-Delbrueck Center 

for Molecular Medicine in the Helmholtz Association, Berlin, Germany, 5 Institute for Materials 

Research, Helmholtz Zentrum Hereon, Geesthacht, Germany 
 

INTRODUCTION: Tracking bone healing post- 

surgery using medical imaging is essential for 

appropriate patient care. Magnetic resonance 

imaging (MRI) provides bone-soft-tissue contrast 

sans ionising radiation. Radiofrequency (RF) power 

deposition, required for signal generation, in the 

presence of conductive implants might induce local 

temperature increase due to antenna effects. Local 

tissue/implant heating via induced currents caused 

by the electromagnetic fields may lead to tissue 

damage1. Previous studies documented heating 

caused by permanent implants in MRI2. The 

literature does not reveal any study examining RF 

material were incorporated into simulations. The in 

vitro temperature measurements exhibited no 

significant differences between maximum heating 

caused by Ti, PEO-coated, and uncoated WE43 

material. However, a decrease in maximum 

temperature was noticed as degradation time 

persisted (Fig. 1). The simulations revealed that 

pitting caused by corrosion contributed to no further 

RF induced heating. However, a decrease in base 

metallic material (excluding degradation layer) 

diameter was found to increase implant heating. 

 
Implant heating of degraded 

WE43 screws at 3 T MRI 

induced heating of biodegradable implants. To close 
this gap, it is essential to elucidate the impact of 

implant degradation shape and degradation layer on 

RF induced heating. Recognizing this opportunity, 

this work uses µCT, XRD, SEM, and EDX imaging 

to characterize the degradation layer of in vitro 
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corroded WE43 screws and employs these insights 

to simulate implant heating scenarios during MRI. 

In vitro MRI was performed to validate the numeric 

electromagnetic field (EMF) simulations. 

METHODS: WE43 screws of diameter 3.2 mm and 

40 mm length were degraded following the ASTM 

F3268 standard. Samples were removed 

sequentially per week for five weeks. Additionally, 

a titanium and PEO-coated WE43 equivalent were 

included for further comparison. The degraded 

samples underwent further imaging (µCT, XRD, 

SEM, and EDX) for material characterisation. 

Subsequently, in vitro temperature measurements 

were conducted according to the ASTM F2182 

standard for passive implants. RF transmission field 

mapping was performed in vitro to validate the EMF 

simulations (Fig. 1) deduced from CST Studio Suite 

(Simulia, Providence, USA). Findings from initial 

material characterization were utilized to set up 

potential implant geometries modeled as a perfect 

conductor for RF-field simulation at 2 W/kg. 

RESULTS: Key results from the material 

characterisation were considered for simulations: 

pitting geometries, loss of screw threads, Mg(OH)2 

content increasing with time, and discrete change at 

interface between the degradation layer and base 
 

 

Fig. 1: E-field map obtained from simulations of 

an ASTM phantom at 3.0 T (left) and in vitro 

heating results of time-corroded implants (right). 

 

DISCUSSION  &  CONCLUSIONS:  Our 

simulations showed an increase in RF induced 

heating with decreasing the base metallic material 

of the implant. This finding was not confirmed by 

the in vitro temperature measurements which may 

suggest that the corrosion layer which continuously 

forms during the degradation process may disrupt 

potential increases in E-fields surrounding the 

implant. Our results show most pronounced RF 

induced heating for the largest amount of base 

metallic material. Recognizing the increasing 

incidence of biodegradable implants, our findings 

also underline the need for guidelines and standards 

for the assessment of biodegradable implants. 

REFERENCES: 1 PL Davis, et al. (1981) Am J 

Roentgenol, 137: 857-860. 2 L Winter, et al. (2021) 

J Magn Reson Imaging, 53: 1646-1665. 
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ANALYSIS OF THE BONE MICROARCHITECTURE AROUND 

BIODEGRADABLE MG-10GD IMPLANTS 
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Plumhoff1 
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INTRODUCTION: Mg-10Gd is a biodegradable 

magnesium (Mg)-based alloy formulated by the 

addition of 10 wt. % of gadolinium (Gd) to pure Mg 

to improve its corrosion resistance. Mg-10Gd is 

known to yield a relatively high bone volume 

fraction and make good bone-implant contact, 

similar to titanium (Ti) implants1. Bone’s adaptive 

response during implant osseintegration is 

influenced by its micro porosity. Micro porosity 

consists of vascular porosity which is associated 

with blood vessels and the lacuno-canalicular 

system (LCS), which surrounds the osteocytes and 

their cell processes. Together, they contribute to the 

transport phenomena within bone and its 

remodeling. Given that osteocytes are mechano- 

sensors, structural parameters associated with the 

LCS such as the morphology of the lacunar- 

canalicular network (LCN) and lacuna porosity are 

key determinants of bone remodeling kinetics, 

especially during peri-implant bone healing. To 

attain a comprehensive understanding of the effect 

of Mg degradation on bone tissue response, it is 

imperative to study the bone microarchitecture 

around the implant. The aim of this study is to use 

hierarchical multiscale 3D imaging including both 

synchrotron radiation micro computed tomography 

(SRµCT) and transmission x-ray microscopy 

(TXM) to study the effect of biodegradable Mg- 

10Gd implants in comparison to Ti on the vascular 

and lacuna porosity as well as LCN morphology at 

the bone-implant interface. 

METHODS: To study the lacuna and vascular 

porosity, Mg-10Gd and Ti screws were implanted 

into rat tibia for 4, 8 and 12 weeks followed by a 

SRµCT investigation with a pixel size of 0.5 µm. 

For the characterization of the morphological 

changes in the LCN, Mg-10Gd and Ti screws were 

implanted into rat tibia for 10 weeks and 20 weeks 

and TXM was performed at 22 nm pixel size. Image 

analysis was employed to quantify the lacuna 

porosity and vascular porosity as well as LCN 

morphology. 

RESULTS: Our SRµCT results revealed that the 

lacuna porosity of Mg-10Gd implant was 

significantly lower than Ti implant from 4 to 12 
 

weeks of observation period (Fig. 1). On the other 

hand, no significant difference in vascular porosity 

was found between Mg-10Gd and Ti implants 

during the investigation period. Also, preliminary 

results from the morphological characterization of 

the LCN at 20 weeks show that while the lacunae 

around both Mg-10Gd and Ti are geometrically 

round, the lacunae volumes are slightly larger (8 

%) in the bone around Ti. 
 

Fig. 1: Exemplary 3D rendering of the differences 

in lacuna distribution around (A) Ti and (B) Mg- 

10Gd screws at 8 weeks after implantation 

obtained using SRµCT. The colored dots represent 

lacunae. 
 

DISCUSSION  &  CONCLUSIONS:  The 

similarity in the round lacunae shape around both 

implants might indicate increased 

mechanosensation2 of the osteocytes around both 

implants. However, the difference in lacuna 

porosity between both implants and the larger 

osteocyte volumes around Ti jointly points towards 

differences in the mechanism of mechanosensation 

and cellular communication of the osteocytes 

around both implants. The differences might be an 

effect of the changes in the chemical environment 

perceived by the osteocytes due to Mg-10Gd 

degradation. The LCN morphological analysis is 

still ongoing and will be presented in detail. The 

findings of the combined information from several 

length scales will expedite our understanding on the 

effect of degradable Mg-10Gd on the bone 

response. 

REFERENCES: 1D. Krüger, S. Galli, B. Zeller- 

Plumhoff, et al (2021). Bioact Mater 37-52. 2R. G 

Bacabac, D. Mizuno, C.F Schmidt et al (2008). 

Journal of Biomechanics 41: 1590 – 1598. 
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In vitro and in vivo degradation performance of ZX00 screw for bone implants applications 
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1 Biomaterials group, Materials Design Division, Faculty of Materials Science and Engineering, Warsaw 
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Graz, Austria; 3Institute of Metallic Biomaterials, Helmholtz Zentrum Hereon, Germany 
 

INTRODUCTION: Mg and its alloys, due to their 

mechanical properties close to the bone, such as elastic 

modulus and density, are promising biodegradable 

materials [1]. Although some in vitro and in vivo research 

have studied the corrosion behaviour of ZX00 alloys [2,3], 

there is a lack of information on the kinetic changes in 

thickness and composition of the corrosion products and 

the corrosion performance of Mg-0.45Zn-0.45Ca (ZX00) 

screws. The present study investigates the corrosion 

behaviour of ZX00 screws under in vitro physiological 

environments and the degradation performance on an in 

vivo sheep model. 

METHODS: 30 sterilized Mg-0.45Zn-0.45Ca wt% 

(ZX00) screws of 3.5 mm diameter and 16 mm length 

were immersed for 3, 6, 14, 21, and 28 days in α-MEM 

(Minimum Essential Medium) with 10% FBS (Fetal 

Bovine Serum) and 1% P/S (Penicillin/Streptomycin). 

Immersion was done under cell culture conditions (37oC, 

20% O2, 5% CO2, 95% rH). The alloy corroded surface of 

the screws was characterized by scanning electron 

microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDX). For the in vivo study, 18 sterilized 

screws were implanted in the diaphysis of tibiae of sheep. 

The animals were euthanized at 6,12, and 24 weeks for 

post evaluation by µCT. Then specimens were embedded 

in Technovit® 9100 for SEM/EDX and histologic analysis. 

RESULTS: After 28 days of immersion, the screws’ 

sharp contours are being lost gradually with substantial 

dissolution of the threads. EDX results showed that the 

corroded surfaces after immersion consisted mainly of O, 

Mg, P, Ca and trace amount of Zn and Cl (Fig 1). 

 
Figure 1: a) Corroded surface of ZX00 screw after 28 days of 

immersion. b) EDX weight percent of elements composing the 

corrosion layer of ZX00 screw over 28 days of immersion. 

From explanted screws after 24 weeks (Fig 2a.), they 

maintained their screw shape with an uneven, corroded 

cracked surface with the threads losing their sharp shape. 
 
 

Some remnants of bone were still attached on the surface 

of the implant (orange arrows). After 24 weeks, µCT 

revealed small gas voids in the surrounding tissue (Fig. 

2b). From histology, osseointegration, bone in-growth and 

direct contact between corrosion layer and bone (Fig 2c) 

was observed. At 24 weeks, Mg, O, and P are steadily 

distributed within the degradation layer with slightly 

higher Ca and P content detected at the external part of the 

corrosion products (Fig 2d-e). 

 
Figure 2 a) SEM image of explanted screw after 24 weeks illustrating the 

corrosion layer formed on the surface and remnants of bone tissue 

attached on it (orange arrows). µCT (b) and histological images (c) of 

ZX00 implant after 24 weeks d) Cross-sectional backscattered electron 

image illustrating the direct contact between corrosion layer (CL) and 

bone (orange dotted line), and the corresponding elemental mapping of 

oxygen (O) (red), magnesium (Mg) (blue), phosphorus (P) (green) and 

calcium (Ca) (yellow) (Scale bar =100µm). 

DISCUSSION & CONCLUSIONS: This study 

revealed that the screws maintained their shape with an 

uneven, corroded cracked surface after 24 weeks of 

implant placement. The thickness, distribution and extent 

of the corrosion layer formed on the screw during 

implantation and its chemical composition were 

implantation-site-dependent. Moreover, osseointegration 

was observed after 24 weeks of in vivo implantation as 

direct contact between degradation layer-bone, 

demonstrating that ZX00 screws are promising candidates 

for use in orthopaedic applications. 

REFERENCES: 1L. Elkaiam, O. Hakimi, G. Yosafovich- 

Doitch, S. Ovadia, E. Aghion (2020) Ann. Biomed. Eng. 48: 

380-392. 2 P. Holweg, V. Herber, M. Ornig, G. Hohenberger, 

N. Donohue, P. Puchwein, A. Leithner, F. Seibert (2020) 

Acta Biomater. 113: 646-659. 3 N.G. Grün, P. Holweg, S. 

Tangl, J. Eichler, L. Berger, J.J.J.P. van den Beucken, J.F. 

Löffler, T. Klestil, A.M. Weinberg (2018) Acta Biomater. 78: 

378-386. 
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Long term degradation performance of Mg-Zn-Ca ESIN in a sheep model 
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INTRODUCTION: Magnesium (Mg)-based 

alloys constitute a promising alternative to 

overcome drawbacks associated with permanent 

implant materials, including long-term foreign body 

effects and removal surgeries [1]. A lot of research 

has been carried out on the degradation performance 

and optimization of different Mg alloys [2]. Yet, 

data on the long-term performance is still sparse. It 

is known that the degradation rate decreases over 

time after implantation [3]. Thus, it is difficult to 

estimate the exact duration, until an implant is fully 

resorbed. Therefore, the aim of this study was to 

investigate the degradation performance of 

bioresorbable Mg-Zn-Ca implants in a sheep model 

over three years, in order to elaborate the duration 

to complete resorption more accurately. Elastic 

stable intramedullary nails (ESIN) were chosen as 

implant type, as a longer degradation period was 

expected, due to their large dimensions. 

METHODS: A total of four sheep was used for this 

study. We performed trans-epiphyseal implantation 

of two ESIN (200 x 3 mm) into the right tibia of all 

animals. One half of the sheep received ZX10 (Mg-

1Zn-0.3Ca; in wt.%) ESIN, the other half ZX00 

(Mg;<0.5Zn;<0.5Ca, in wt.%) ESIN. The ESIN 

were cut to the right length during the operation. We 

performed in vivo clinical computed tomography 

(cCT) after 2, 6, 12, 24, 52 and 76 weeks, in order 

to follow the in vivo degradation process over time. 

As each ESIN was cut to the right length during the 

surgery, we used the first cCT data from 2 weeks 

after implantation, in order to calculate the initial 

implant volume. Both ZX10 animals and one ZX00 

animal were euthanized after 2 years. One ZX00 

animal was euthanized after 3 years. We performed 

mid- resolution micro computed tomography (µCT) 

imaging on all extracted tibiae. Implant volume, 

surface area and degradation rate were calculated 

for all animals. Histological analysis was performed 

to evaluate the bone quality around the implants, 

using Levai Laczko staining. 

RESULTS: In vivo cCTs and ex vivo µCTs revealed 

homogenous degradation behaviour over time for 

all animals and both alloying systems (Fig. 1a). 

The implant volumes of the ZX10 
 

animals were reduced by 85% two years after 

implantation. In case of the ZX00 animals, the 

implant volumes were reduced by 91% after two, 

and 95% after three years. A degradation rate of 

0.29 ± 0.00 mm/y was calculated for all animals 

euthanized after two years, regardless of the 

alloying system. The degradation rate of the three- 

year animal was slightly lower with 0.25 mm/y. 

Histological evaluation revealed direct contact 

between calcified bone and implant residuals (Fig. 

1b). 
 

Fig. 1: Ex vivo µCT image of ZX00-ESIN-residuals 

in the diaphysis, three years after implantation (a). 

Residuals (white arrows) are surrounded by bone. 

Histology image of ZX00-ESIN-residual in the 

same animal (b). There is a direct contact between 

bone and implant material. 

 

DISCUSSION  &  CONCLUSIONS:  Taken 

together both alloying systems showed a 

homogenous degradation behaviour and an 

appropriate degradation rate over time. Most of the 

implant material was degraded after three years. 

Histological analysis showed good bone-to-implant 

contact on the remaining implant material. We 

suggest that both, ZX10 and ZX00 are promising 

implant materials for orthopaedic applications. 

REFERENCES: 1 M. Ziegler (1991) Essentials of 

Writing Biomedical Research Papers, McGraw- 

Hill, Inc. 2 P. Holweg et al. (2020) Acta 

Biomaterialia 113:646-659. ³N.G. Grün et al. 

(2018) Acta Biomaterialia 78:378-386 
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INTRODUCTION: By virtue of their mechanical 

properties and of their degradation, magnesium (Mg)- 

based osteosynthesis systems are metallic implants that 

hold the fractured bones while eliminated in situ, thus 

offering the promise of reduced complications posed by 

permanent implants. A growing amount of research 

validated Mg-based implants for bone fixation by 

providing robust evidence in support of new bone 

deposition in contact with the interfacial degradation 

layer. Whereas Mg-degradation products are known to 

distribute in the implant environment, less attention has 

been paid to the bone response at distance from the 

implant interface. The present study investigated the 

structural, cellular, and molecular events taking place at 

the bone-Mg implant interface and at distance from it 

after in vivo implantation in an experimental rat model. 

METHODS: Following approval by the Local Ethical 

Committee at the University of Gothenburg (Dnr: 

14790/2019), male Sprague-Dawley rats (n=56) were 

implanted with miniature screws manufactured from 

pure magnesium (99.99% - high purity; Mg) or from 

pure titanium (grade 4; Ti) (herein, serving as a control, 

enabling osseointegration in this model). In each animal, 

the metaphysis of the left and right tibiae was drilled prior 

to the insertion of Ti or Mg screws. 

After 3 and 28 days, animals were euthanized, and two 

types of samples were retrieved (Fig. 1): 

1- Implants and peri-implant bone for quantitative 

polymerase chain reaction (qPCR) (n=8/group/time- 

point): were separately collected and allocated for 

molecular gene expression of the implant-adherent cells 

and of the cells in the peri-implant space. 

2- Peri-implant bone with implants en bloc for paraffin or 

plastic embedding (n=6/group/time-point): enabling 

radiographical analyses using micro-computed 

tomography (micro-CT) and histomorphometrical 

measurements of the bone at the implant interface and at 

distance from it. 

Statistical comparisons were made between 

experimental groups at each time point and between 

time-points for each experimental group. (Kruskal- 

Wallis, Mann-Whitney and Wilcoxon signed-rank tests; 

p<0.05). 

RESULTS: While histological observations provided 

evidence of new bone formation at the vicinity of both Ti 

and Mg, the bone marrow at distance from the implant- 

interface featured morphological differences between 

groups (Fig. 2). At 3 days, the proportion of the interstitial 

and microvascular area was significantly higher at the 

expense of the area occupied by the hematopoietic cells 

in Mg- vs Ti-implanted metaphyses. At 28 days, bone 

marrow around Mg implants showed significantly higher 

adiposity in comparison to Ti implants. Yet, no 

differences in the trabecular bone micro-architecture 

were detected between biomaterials by micro-CT 

analysis at distance from the implant-interface. The RNA 

extracted from cells from the implant surface and from 

the peri-implant bone revealed good quality, allowing 

detailed molecular analysis. 
 

Fig. 1: Experimental design (Histological section stained 

with hematoxylin and eosin). 
 

Fig. 2: A- Microstructure of trabecular bone analyzed 

with micro-CT in the metaphysis at distance from the 

interface with Ti and Mg implants. B- Bone marrow 

composition characterized by histomorphometry in the 

metaphysis at distance from the interface with Ti and Mg 

implants 

(* Statistically significant difference between Ti and Mg). 

CONCLUSIONS: In comparison to non-degradable Ti 

controls, the degradation of Mg implants changes the 

composition of the peri-implant bone marrow, but yet 

without alteration of new bone formation at the implant 

interface. 
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INTRODUCTION: The fibrocartilaginous 

enthesis regeneration has been a challenge limiting 

the ability of tendon bone to heal after rotator cuff 

repair. Although biologically based strategies 

including the use of growth factors and stem cell 

therapy and related tissue engineering strategies are 

employed to augment the healing of tendon-to- bone 

[1]. The biomaterials used to achieve mechanical 

stability are indispensable. Magnesium alloys are 

bioactive materials with good biosafety, mechanical 

properties and osteogenic activity [2]. In this study, 

compared with the Vicryl Plus 4-0 absorbable suture 

for clinical use, magnesium wires were used to 

tenodesis to assess postoperative biomechanical 

properties and enthesis regeneration in a rat rotator 

cuff tear model. 

METHODS: Magnesium alloy (Mg-2 wt.% Zn- 0.5 

wt.% Nd) wires of 0.23mm diameter and Vicryl 

Plus 4-0 suture were used to repair the severed 

supraspinatus tendon in rats. At 4, 8 and 

12 weeks postoperatively, the supraspinatus tendon-

humerus complex was harvested for uniaxial tensile 

biomechanical testing and histological analysis of 

the decalcified section of the tendon bone interface 

was performed by staining with Safranin O/fast 

green. 

RESULTS: The ultimate load to failure of the 

magnesium alloy sutures group was greater than that 

of the Vicryl Plus 4-0 sutures group at 12 weeks 

postoperatively. The more mature fibrocartilage 

enthesis regeneration and the obvious tendon 

bone embedded structure were observed in the 
magnesium alloy sutures group at 

12 weeks postoperatively, as illustrated by the 

figure 1. 

DISCUSSION  &  CONCLUSIONS:  The 

potential mechanisms for this enhancement are 

related to magnesium ions regulating the cellular 

functions involved in osteogenic activity, indirectly 

stimulate the release of TGF-β1 and the secretion of 

platelet-derived growth factor [3], and 

bone marrow mesenchymal cells were recruited at 

the tendon-bone interface. In addition, magnesium 

ions promote the differentiation of macrophages to 

M2 type, upregulating the level of growth factors 

such as BMP-2, and thus promote the expression of 

fibrochondrogenic transcription factors such as 

SOX-9 [4]. Enthesis regeneration close to the native 

structure improves the bioconjugation of tendon 

bone. 
 

Fig. 1: (a) Biomechanical test of the ultimate load 

to failure; (b) Safranin O/fast green staining of 

bone-to-tendon interface. Fibrocartilage is red 

REFERENCES: 1 Gulotta LV, Kovacevic D, Ying 

L, et al (2008) Am J Sports Med. 7: 1290-7. 2 Wang 

JL, Xu JK, Hopkins C, et al (2020) Adv. Sci. 7: 

1902443. 3 Chen Z, Mao X, Tan L, et al (2014) 

Biomaterials. 35: 8553-8665. 4 Cheng PF, Han P, 

Zhao CL, et al (2016) Biomaterials 81: 14-26.. 
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INTRODUCTION: Two magnesium alloy 

systems have shown particular promise for use as 

degradable implants: Y- and rare-earth (RE)- 

containing Mg alloys, the most prominent being 

WE43, and Mg–Ca-based alloys [1]. While in the 

case of WE43 the addition of Y supports the goal of 

reducing the degradation rates to a clinically desired 

level, in the case of Mg–Zn–Ca alloys a 

combination of extraordinary purification and a 

reduction of Zn and Ca has generated similar results 

[2,3]. However, different study protocols from 

different research groups make it difficult to 

compare literature results. Here, we carried out a 

direct in vivo comparison of WE43 with RE-free 

ultrahigh-purified lean Mg alloys (LMg), as well as 

LMg treated with plasma electrolytic oxidation 

(LMgPEO). 

METHODS: Plates and screws of extruded WE43, 

LMg, and LMg subjected to PEO (LMgPEO) were 

implanted in the pelvis of 6 adult female Swiss 

alpine sheep (license ZH121/2020). In total, 7 plates 

and 28 screws were implanted from each group. 

Fluorescent dyes were injected at two time points to 

track bone formation and remodelling. After 8 

weeks, the animals were sacrificed and microCT 

scans were performed. The implants were extracted 

and either examined histologically or used to assess 

degradation rate by mass loss. Quantitative bone-

implant-contact (BIC) and histomorphometry 

measurements were performed on histological 

slices. 

RESULTS: MicroCT images revealed partly 

degraded implants with millimetre-sized gas 

pockets surrounding them (Fig. 1). LMgPEO 

exhibited a slightly lower degradation rate than 

LMg and WE43 (0.31 mm/yr, 0.32 mm/yr and 0.37 

mm/yr, respectively), with screws showing a 

significantly higher average degradation rate than 

plates. The plates, furthermore, showed greater 

corrosion attack on the side in contact with bone. 

BIC was found to be significantly higher for 

LMgPEO (82%) than for LMg (62%) and WE43 

(50%). Histomorphometry revealed significantly 
 

more new bone formation for LMgPEO compared 

to the other two groups. Qualitatively, degradation 

products of WE43 stayed in the original place, 

whereas in lean Mg alloys only a very thin layer of 

degradation products was visible (Fig. 1, bottom). 
 

Fig. 1: MicroCT images (top) and enlarged 

histological slices (bottom) of the three 

investigated groups 8 weeks after implantation. 

DISCUSSION & CONCLUSIONS: The study 

shows similar degradation rates for coated and 

uncoated LMg and WE43, although unlike LMg, the 

degradation products of WE43 stay exactly in the 

original shape, suggesting a different body response 

caused by Y and/or RE. The additional PEO surface 

treatment only minimally reduced the degradation 

rate over 8 weeks but resulted in significantly better 

osseointegration. It is expected that this better bone-

implant interface will lead to an improved 

biomechanical response during fracture healing. 

The cause of the greater degradation of screws and 

bone-contacting plate surfaces is part of ongoing 

work. 

REFERENCES: 1 H.S. Han, et al. (2019) Mater 
Today 23:57-71. 2 J. Hofstetter, et al. (2014) JOM 

66:566-572. 3 P.L. Holweg, et al. (2020) Acta 

Biomater. 113:646-659. 
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INTRODUCTION: Hydrogen (H2) is known to 

have anti-oxidant effects and serve as an effective 

strategy in treatment of many diseases. However, 

the bioavailability of directly administered H2 is 

usually poor and uncontrolled. To address the above 

challenge, a local acid-sensitive sustainable delivery 

system (Magnesium hydride, MgH2) that provides 

high therapeutic concentration of H2 in tumor 

tissues is proposed. It is the first time to particularly 

study the regulation of ROS and Warburg effect axis 

triggered by the hydrogen in tumor cells. 

METHODS: MgH2 was fabricated as our previous 
work demonstrated [2]. 

 

RESULTS  and  DISCUSSION:  TEM  image 

showed that MgH2 was subsphaeroidal structure 

and the size was about 1 μm. MgH2 quickly resolved 

to form an enormous amount of H2 bubbles in acid 

aqueous media. The hydrogen loading capacity of 

MgH2 reached 76.9 mmol/g by calculated, which 

outclass known hydrogen storage materials. In vitro 

experiments exhibited that MgH2 significantly 

suppressed proliferation of tumor cells and much 

ROS inside cells was eliminated (Fig 1C-D). As 

demonstrated in Fig 1E, the expression of Warburg 

effect-associated proteins (HIF-1α, Glut1, HK2 and 

GAPDH) were all suppressed along with the 

addition of MgH2, suggesting the inhibition of the 

Warburg effect. These results verified that H2 gas 

regulated the ROS-Warburg effect axis for tumor 

therapy. Moreover, distinct inhibition of tumor 

growth was observed in mice receiving MgH2 

treatment. 

CONCLUSIONS: MgH2 as a local, pH-sensitive 

hydrogen generator was constructed for the first 

time  for  anticancer  therapy.  Within-depth 

understanding of its mechanism to tumor therapy, 

H2 effectively suppressed proliferation and invasion 

of tumors by inhibiting Warburg effect via 

neutralizing ROS and further induced cell apoptosis 

directly. Our finding brings hydrogen therapy a step 

closer to practical applications and the methodology 

presented here opens new pathways for mono-

hydrogen treatment. 
 

Fig. 1: (A) TEM image of MgH2. (B) pH-sensitive 

H2 release (Insert picture: bright-field images of H2 

bubbles). (C) ROS reduction, (D) cell viability and 

(E) western blot assay of HCT116 cells treated with 

MgH2. (F) Photos of HCT116 tumors in different 
treatment groups. 
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INTRODUCTION: Non-union fractures are a 

common occurrence and to encourage bone healing 

surgeons may opt to use bone scaffolds. Magnesium 

and its alloys are the only biodegradable metals used 

in the medical industry. Biodegradable zinc- and 

iron-based alloys, on the other hand, are still in the 

research phase with the latter showing the biggest 

promise. In 2007 [1], non-magnetic biodegradable 

FeMn alloys were considered for orthopaedic 

applications since they have a better corrosion rate 

than Fe. Other noble additions were studied in an 

effort to further enhance the corrosion rate. To date, 

the work by Dargusch et al. [2] is one of the first 

and latest to report on the in vivo behaviour of 

FeMnAg alloys. In their work both in vitro and in 

vivo corrosion studies confirm an increase in 

corrosion rate in the Fe35Mn alloy after Ag 

addition, attributed to the occurrence of 

microgalvanic corrosion. They also conclude that 

for the Fe35Mn1Ag alloy no chronic toxicity was 

observed, suggesting acceptable in vivo 

biocompatibility and hence suitable for orthopaedic 

applications [2]. This study aims to provide a 

comprehensive investigation of cytotoxicity and 

antibacterial behaviour of powder processed Fe-

based alloys in vitro and in vivo. 

METHODS:   Fe35Mn,   Fe35Mn1Ag   and 

Fe35Mn5Ag coupons (in vitro) and pins (in vivo) 

were prepared through the powder metallurgical 

route by uniaxially pressing at 442 MPa and 

sintering for 3 hours at 1120°C under 100 l/hr N2- 

5H2 flow. MnO precipitates were removed by 

immersing for 5 minutes in 1M HCl and 3.5 g/L of 

the corrosion inhibitor hexamethylenetetramine. 

Antimicrobial tests were performed using stock 

cultures of Staphylococcus aureus, Staphylococcus 

epidermidis, Streptococcus agalactiae and 

Escherichia coli. Cytotoxicity tests were performed 

on freshly ground and pre-corroded coupons using 

a mouse pre-osteoblasts MC3T3-E1 subclone 4 cell 

line. The in vivo work was done on rats by 

implanting pins in the tail vertebra for 5 months. 

Post-mortem ICP-OES of digested organs was 

performed to evaluate traces of Fe, Mn and Ag. 
 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1: Cross-species comparison of mean counts 
per coupon composition. Error bar: SD n=3. 

Explant SEM and XRD analysis was performed to 

evaluate the corrosion attack on the implants. 

RESULTS: Addition of silver to Fe35Mn coupons 

infers an anti-biofilm effect against all the bacteria 

used in this work with lower biofilm counts 

observed in each of the biological replicates 

performed (Figure 1). In vivo, the corrosion rate of 

FeMn and FeMnAg alloys was low and corrosion 

products accumulated remained at the surface 

potentially preventing further degradation from 

taking place. 

DISCUSSION & CONCLUSIONS: The in vivo 

degradation rate of the FeMn and FeMnAg alloys 

used in this work does not reflect the conclusions by 

Dargusch et al. [2]. The materials tested did not 

elicit a negative cytotoxicity response in in vivo tests 

and the alloys with silver had a positive anti- biofilm 

effect against all bacteria tested in this work. 

REFERENCES: 1H. Hermawan, D. Dubé, D. 
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et al. (2021) Adv. Healthcare Mater. 10:2000667 
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INTRODUCTION: Mg and its alloys have a 

biodegradable nature in aqueous mediums which 

makes them attractive for various biomedical 

applications when the material is not recommended 

to stay permanently in the body [1]. Some of the 

main challenges that hinder the use of Mg for bone 

fracture repair are its limited mechanical strength 

and fast corrosion rates [2]. To this end, we have 

developed both a biocompatible Mg alloy (Mg-Zn- 

defects. For instance, bone defect sites did not 

demonstrate evidence of a significant inflammatory 

response after 2 months of implantation for all 

cases, see Figure 1. However, an inflammatory 

response was noted surrounding some uncoated 

implants. The coated implants were deemed to have 

superior osseointegration. 

Table 1. PDP test corrosion characteristics of the 

ceramic coated sample. 

Ca-Mn alloy) and post-fabrication methods (heat   
treatment and coating) that deliver a high-strength 

and corrosion-tailored material that can provide the 

needed stability during the healing period [3]. In this 

work, we assessed the biocompatibility of the 

fabricated Mg alloy before and after the post- 

fabrication methods, in vitro and in vivo. 

METHODS: Mg alloy samples were produced 

using conventional casting process. The alloy was 

then heat treated and then coated with ceramic layer 

(10 µm thick) made by using the micro arc oxidation 

(MAO) process followed by a thinner layer (1-2 µm 

thick) of Ca/P-based ceramics created by using the 

sol-gel technique. 

Potentiodynamic polarization test (PDP) was used 

to measure the relative change in the corrosion rate 

due to the heat treatment and surface coating. The 

cytotoxic properties of the samples were determined 

using an effluent based testing method following the 

ISO 10993-5 cytotoxicity testing standard. 

Six New Zealand White (NZW) rabbits, female, 

aged 10 – 12 weeks, approximately 3kg were 

utilized for this study. Animals had two 

experimental implants (one coated and one 

uncoated) surgically placed into bone sites. Animals 

were maintained for either one or two months, at 

which point they underwent humane euthanasia. 

Bone samples were collected for histological 

analysis to evaluate material compatibility. 

RESULTS: The sol-gel coating resulted in a 

significant reduction in corrosion rate, as low as 1.1 

µm/year which is 27 times less than that for the 

MAO-coated alloy alone, see Table 1. In vitro and 

in vivo assessments of our magnesium alloy and 

fabrication method showed high levels of 

biocompatibility in terms of cytotoxicity, 

degradation rates, and osseointegration into bone 
 

Fig. 1: The proximal bone defect for the uncoated 

and coated implant at two-month timepoints. 

 
DISCUSSION & CONCLUSIONS: Our animal 

studies, utilizing a rabbit lateral femoral condyle 

defect model, showed no negative effects on bone 

formation, and no evidence of a persistent 

inflammatory response. The results of this study 

show that it is possible to produce biocompatible 

magnesium-based implants with stronger and more 

corrosion-controlled properties. 

REFERENCES: 1 Y. Chen, et al (2014) Acta 

biomaterialia 10:4561-4573. 2 H. Ibrahim, et al 

(2017) Materials Science and Engineering: C 

70:870-888. 3 H. Ibrahim, et al (2019) Thin Solid 
Films 687:137456. 
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INTRODUCTION: Magnesium (Mg)-based 

implants have become promising candidates for 

orthopedic interventions over the past years. 

Besides their biocompatibility and good mechanical 

features, Mg-based implants have the ability to 

degrade completely in the body, eliminating the 

need for removal surgery1. However, high corrosion 

rate and excessive hydrogen gas formation of 

commercially pure Mg implants are still major 

concerns in clinical application. Hence, ultra-high 

purity Mg (XHP-Mg) and, especially, Mg alloys 

might overcome these disadvantages. It is therefore 

important to understand the degradation behavior of 

Mg-based implants and their effect on bone 

remodeling. 

METHODS: In this study, we investigated (i) the 

degradation behavior of ZX00 (Mg<0.5Zn<0.5Ca; 

in wt%) and XHP-Mg (>99.999 wt% Mg) implants, 

and (ii) their safety and impact on bone in-growth in 

Sprague Dawley rats compared to state-of-the-art 

titanium (Ti) implants. Five rats per group 

underwent bilateral, transcortical implantation of 

cylindrical pins (ZX00 and XHP-Mg: d=1.6mm, l=8 

mm; Ti: d=1.5 mm, l=8mm) into the diaphysis of 

both femurs. Sequential fluorochrome markers were 

administered in rats to evaluate new bone- tissue 

formation. Serum ALP, Ca, and Mg levels were 

measured to elucidate the systemic effect of the 

degrading Mg implants. Material degradation was 

observed via in vivo low-medium resolution and ex 

vivo high-resolution micro-computed tomography. 

Degradation behavior evaluations were followed by 

investigations of bone response and in-growth via 

histological and gene expression analysis. 

RESULTS: Biochemical analysis showed that the 

in vivo degradation of both implant types had no 

impacts on ALP, Ca, and Mg serum level. ZX00 

homogenously degraded with an increased 

hydrogen gas formation 12 and 24 weeks after 

implantation, whereas XHP-Mg exhibited a higher 

gas formation at 2 weeks of implantation. 

Degradation rates were computed as 0.18±0.12 

µm/day and 0.23±0.18 µm/day for ZX00 and XHP- 

Mg, respectively. Histologically, the Mg-based 

implants are superior with respect to new bone- 
 

tissue formation and in-growth compared to the Ti 

implants. Gene expression analysis showed a 

positive effect on the up-regulation of the 

chondrogenic gene markers for ZX00 and XHP-Mg 

compared to the Ti group at 6 weeks of implantation. 
 

Fig. 1: Representative ex vivo high-resolution µCT 

images (pixel size=10.1 μm), Levai-Laczko stained 

bone sections, and fluorochrome images (scale 

bar=100µm) of ZX00 and XHP-Mg samples after 

24 weeks of implantation 

DISCUSSION & CONCLUSIONS: We demon- 

strated safe in vivo degradation of two different Mg- 

based implants and the corresponding bone 

response in a healthy juvenile growing rat model. 

Our findings suggest that (i) ZX00 and XHP-Mg 

support bone formation and remodelling, (ii) both 

Mg-based implants are superior to Ti implants in 

terms of new bone-tissue formation and 

osseointegration, and (iii) ZX00 is more favorable 

due to its lower degradation rate and moderate gas 

formation. 

REFERENCES: 1F. Witte, V. Kaese, H. 
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