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ABSTRACT

The biomedical technologies for bone application are employed in 
millions of patients every year to restore function and aesthetics 
following trauma, diseases and congenital deformities. They achieved 
significant advancements in the last decades and have resulted in 
the development of implants that function for long periods of time. 
However, some fundamental clinical challenges still remain and are 
exacerbated by the aging of the population and by the increased life 
expectancy of the patients.

First of all, permanent implants, despite having very high success 
rates, still face the risk of failure, when the amount of bone in the area 
is not sufficient. Strategies to fasten, to strengthen and to maintain 
the bone integration of these implants are desired to enhance the 
implant clinical performances especially in situation of compromised 
bone. 

Secondly, the fixation of fractures and the repair of bone defects are 
required in a large number of clinical situations, where the intrinsic 
ability of bone to repair itself is limited. A constantly advocated 
requirement for osteosynthetic devices is the biodegradability, to 
avoid a second surgery for implant removal or the permanence of 
the device in the body for long time, with possible adverse effects. 
However, especially for osteosynthesis devices, materials that possess 
adequate mechanical properties for load-bearing applications and 
that biodegrade upon the substitution of new healthy osseous tissue 
are not yet available. 

Magnesium (Mg) is a material that offers potential benefits in these 
clinical issues. 
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Magnesium is a natural component of the human body, which is 
involved in numerous enzymatic reactions and metabolic processes; 
thus, it is tolerated at high levels. It has a prominent role in bone 
homeostasis and bone health in general and it is considered bioactive, 
osteoconductive and angiogenetic. Therefore it could be applied as 
a doping agent to permanent implants and bone grafts, to increase 
their osseointegration. In addition, magnesium is potentially unique 
in the field of orthopaedic and cranio-maxillofacial surgery because 
it provides the mechanical properties of metals, although with an 
elastic modulus closer to that of cortical bone, and at the same time 
it degrades under physiological conditions in non-toxic by-products. 

Based on these clinical needs and on these observations, one aim of 
the current thesis was to explore the effects of the local release of 
Mg ions directly at the peri-implant sites on the osseointegration 
of titanium implants in healthy bone and in bone compromised by 
osteoporosis. In particular, it was of interest to attempt to elucidate 
the molecular and biochemical pathways that were stimulated in the 
peri-implant tissues by the presence of Mg ions and to correlate those 
to biomechanical and histomorphometrical observations. 

The other aim of this thesis was to characterize in vivo the 
degradation behaviour of 3 Mg-alloys tailored for biodegradable 
osteosynthesis devices and their associated bone response. 

In Study I to IV, the effects of the local release of Mg ions on 
the osseointegration of titanium implants in both healthy and 
osteoporotic bone were investigated. Mg ions were loaded into 
engineered mesoporous titanium dioxide (TiO2) carriers coated onto 
titanium implants. Mesoporous films acted as reservoir of Mg ions 
and released them directly at the implant interface in a sustained 
fashion. 

After surface characterization of the mesoporous carriers with and 
without Mg ions by means of scanning electron microscopy (SEM), 
optical light interferometry (IFM) and atomic force microscopy 
(AFM), the same types of implants were implanted in animal models. 

In Study I, Mg-loaded implants were placed in the hind limb of 
rabbits for 3 weeks and examined with biomechanical analysis and 
histology. The results suggested that the increased local availability 
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of Mg could accelerate and strengthen the early bone fixation of 
titanium implants.

In Study II, the activation of biological pathways of bone healing 
and osseointegration of Mg-releasing implants installed in the rabbit 
tibia model was investigated at the gene level by means of real-time 
polymerase chain reaction (qPCR) after 3 weeks in vivo. The results 
found that several osteogenic markers (OC, RUNX-2, IGF-1) were 
significantly up-regulated in the presence of Mg during the first weeks 
of healing. This finding was correlated with the histological results, 
since significantly more threads for the Mg-doped implants were 
filled with new bone compared to the TiO2 implants without Mg. 

In Study III, the performance of Mg-loaded implants in bone 
was studied at a longer healing time of 6 weeks. It was found that 
the effects of Mg release are prominent in the early healing phases 
than compared to the later healing, presumably due to the rapid 
mobilization of the Mg ions from the coatings. In fact, the expression 
of osteogenic genes in the bone around control implants were 
dominantly expressed approximately 3 weeks after the dominant 
expression in the Mg-loaded group. Within the limitation of the 
observed healing period, no signs of increased inflammation and 
activation of bone remodelling were triggered by Mg release.

In Study IV, the potential benefits of the local administration of 
Mg ions on implant osseointegration were tested in ovariectomized 
rats, which mimicked osteoporotic conditions. The presence of 
Mg-doped implants in osteoporotic subjects induced a significantly 
faster new bone formation compared to Ti controls and the activation 
of BMP6, an important anabolic agent that is normally suppressed 
in osteoporosis. In addition, other osteogenic factors, such as VEGF, 
were up-regulated in presence of Mg. 

In Study V, 3 recently developed Mg-alloys intended as temporary 
materials for osthesynthesis applications were tested in vivo to 
evaluate their degradation behaviour and the response they elicited 
in tissues. 

Mg-2Ag, Mg-10Gd and Mg-4Y-3RE in the form of mini-screws 
were implanted in the tibia and femur of rats for 4 and 12 weeks. 
Their degradation rates were investigated by means of high-resolution 
synchrotron-based micro computed tomography (SRµCT) and by 
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histological sectioning. The tissue reaction to the different materials 
was analyzed both on histology and on 3D reconstructions of the 
bone-implant samples. In addition, the chemical composition of the 
degradation layers was assessed with Electron Probe Micro Analysis 
(EPMA). Finally, the expression of genes in the tissues in proximity 
of the mini-screws was investigated by means of qPCR employing a 
super-array technique.

The SRµCT enabled the identification of the degradation layers, 
the original metal and the bone, thanks to the high spatial and 
density resolution. The 3-months degradation rates were similar for 
all materials, but the behaviour of the degradation products differed. 
The products of Mg-2Ag underwent rapid solubilisation. The rapid 
loss of sample integrity for this material led to fibrous encapsulation, 
rather than the desired osseous encapsulation. In the other 2 alloys, 
the degradation layers deposited in the same shape as the original 
screws and were mainly stable. That allowed the growth of bone in 
direct contact with the surfaces of the degradation products and they 
were osseointegrated at the 3-month healing time. 

That was confirmed on the histological slides. In addition, the 
chemical analysis revealed that the degradation products of the alloys 
were not formed by Mg, but contained Ca, P, C and O in similar 
amount to the surrounding bone The combination of histological, 
tomographic and chemical images provided new insight on the nature 
of the bone-to-implant interface and of the degradation products, 
which appeared to have great similarities to the host bone. 

Finally, the analysis of the genes expressed in the peri-implant 
bone, showed up-regulation of several genes related to osteogenesis 
around Mg implants compared to Ti ones. 

In conclusion, this thesis demonstrated that Mg is a suitable doping 
agent to increase the bone encapsulation of endosseous implants, 
especially at the early stages of healing and in particular in osteoporotic 
subjects. That is desirable to shorten the healing period and when 
early implant loading is considered an option. 

In addition, Mg-10Gd and Mg-4Y-3RE are biodegradable alloys 
with a degradation rate and behaviour that is suggested to be suitable 
for the new bone regeneration and the bone encapsulation. 
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ABBREVIATIONS, ACRONYMS  
AND SYMBOLS

Abbreviations

2D Bi-dimensional
3D Three-dimensional
AFM Atomic force microscopy
Al2O3 Alumina
ARRIVE Animal Research: Reporting of In Vivo 

Experiments
ASTM American Society for Testing and Materials
ATP Adenosine triphosphate
AZ-system Alloy systems of Mg containing Al
BA% Bone Area percentage
BIC% Bone-to-implant contact percentage
BRONJ Bisphosphonate-related osteonecrosis of the jaw
BSE Backscattered electron
CCD Charged-Coupled Device
cDNA Complementary deoxyribonucleic acid
cm Centimetre
CE Mandatory conformity marking for certain 

products sold within the European Economic Area 
(EEA)

CO2 Carbon dioxide
Co-Cr Cobalt-chromium alloy
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CPD Critical point drying
Cp Commercially pure
Cq Quantification cycle
CT Computed tomography
DEI Diffraction enhanced imaging
DESY Deutsches Elektronen-Synchrotron
DMEM Dulbecco´s Modified Eagle´s Medium
DNA Deoxyribonucleic acid
E2 17-β estradiol
EDX Energy-dispersive X-ray spectroscopy
EISA Evaporation induced self-assembly
EPMA Electron Probe Microanalysis
FDA Federal Drug Administration
GgCl3 Gadolinium chloride
GdH2 Gadolinium hydride
Gd(NO3)3 Gadolinium nitrate
H2 Hydrogen gas
HA Hydroxyapatite
H2CO3 Carbonic acid
HCO3

- Bicarbonate
h.p. High-purity
HUCPV human umbilical cord perivascular cells
ICP-OES Inductively coupled plasma optical emission 

spectroscopy
IFM Interferometry
ISO International organization for standard
KeV Kilo electron volt
KV Kilo volt
M1 Macrophages type 1
M2 Macrophages type 2
Mg12Ce Magnesium-cerium intermetallic phase
Mg-2Ag Magnesium-silver alloy
Mg-4Y-3RE Magnesium-yttrium-rare earth alloy
Mg41Nd5 Magnesium-neodymium intermetallic phase 
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Mg5Gd Magnesium-gadolinium intermetallic phase 
MgCl2 Magnesium chloride
MgCO3 Magnesium carbonate
MgSO4 Magnesium sulphate
Mg-Y-RE-Zr Magnesium-yttrium-rare earth-zirconium alloy
Mg-10Gd Magnesium-gadolinium
Mg(OH)2 Magnesium hydroxide
MgO Magnesium oxide
MIQE Minimum Information for Publication of qPCR 

Experiments
ml Millilitre 
mm Millimetre
mM Millimolar
mRNA Messenger ribonucleic acid
MSC Mesenchymal stem cells
MTT 3-(4,5-dimethylthiazol-2- yl)-2,5-

diphenyltetrazolium bromid
NaCl Sodium chloride
NBA% New bone area percentage
Ncm Newton*centimetre
nm Nanometre
NOAEL No-observable adverse effect level
O2 Oxygen gas
PCR Polymerase chain reaction
P123 Pluronic tribloc copolymer of (ethylene glycol)20-

(propylene glycol)70-(ethylene glycol)20

PEEK Polyether ether ketone
PGA Poly glycolic acid
PLGA Poly(lactic-co-glycolic acid)
PMMA Poly-methyl-methacrylate
ppm Parts per million
PTFE Poly-thetra-fluoro-ethilene
PTH Parathyroid hormone
QCM-D Quartz crystal microbalance dissipation
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qPCR or  
RT-qPCR

Quantitative (real-time) polymerase chain reaction

RE or REE Rare earth elements
RNA Ribonucleic acid
RNS Reactive nitrogen species
ROI Region of interest
ROS Reactive oxygen species
Rpm Round per minute
RT Room temperature
RTQ Removal torque test
Sa Topographic parameter – mean height deviation
SD Standard deviation
Sdr Topographic parameter – developed area ratio
Sds  Topographic parameter – density of summits
SEM Scanning electron microscopy
SR Synchrotron radiation
SRµCT Synchrotron radiation-based micro-computed 

tomography
T4 Heat treatment 
TEOT Titanium-tetra-ethoxide
Ti-6Al-4V Titanium-aluminium-vanadium alloy
TiO2 Titanium dioxide or titania
Ti-Zr Titanium zirconium alloy
TJA Total joint arthroplasty
µCT or microCT Micro-computed tomography
UHMWPE ultra-high-molecular-weight polyethylene
µl Microliter
µm Micrometre
UTS Ultimate tensile strength
UV Ultra-violet
WE-system Alloys system of Mg containing RE
YS Yield strengh
XPS X-ray photoelectron spectroscopy
ZrO2 Zirconia
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Element symbols

Ag Silver
As Arsenic
C Carbon
Ca Calcium
Ce Cerium
Cl Chlorine
Co Cobalt
Cr Chromium
Cu Copper
F Fluor
Fe Iron
Gd Gadolinium
Hg Mercury
K Potassium
Mg Magnesium
Mn Manganese
Mo Molybdenum
N Nitrogen
Na Sodium
Nd Neodymium
Ni Nickel
O Oxygen
P Phosphorous
Pd Lead
Si Silicon
St Strontium
Ti Titanium
V Vanadium
Y Yttrium
Zn Zinc
Zr Zirconium
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Gene and protein symbols

ACP5 (TRAP) Acid Phosphatase 5, tartrate resistant
ACTB Actin Beta
ACVR1 Activin A receptor, type I
AHSG Alpha-2-HS-glycoprotein
ALPL Alkaline phosphatase
ANXA5 Annexin A5
ATP2A1 ATPase 2
B2M Beta-2 microglobulin
BGLAP (OC) Bone gamma-carboxyglutamate protein 

(Osteocalcin)
BGN Biglycan
BMP1 Bone morphogenetic protein 1
BMP2 Bone Morphogenetic Protein 2
BMP3 Bone morphogenetic protein 3
BMP4 Bone morphogenetic protein 4
BMP5 Bone morphogenetic protein 5
BMP6 Bone morphogenetic protein 6
BMP7 Bone morphogenetic protein 7
BMPR1A Bone morphogenetic protein receptor, type IA
BMPR1B Bone morphogenetic protein receptor, type IB
BMPR2 Bone morphogenetic protein receptor, type II 

(serine/threonine kinase)
CALCR Calcitonin receptor
CD36 CD36 molecule (thrombospondin receptor)
CDH11 Cadherin 11
CHRD Chordin
COL10A1 Collagen, type X, alpha 1
COL14A1 Collagen, type XIV, alpha 1
COL1A1 Collagen, type I, alpha 1
COL1A2 Collagen, type I, alpha 2
COL2A1 Collagen, type II, alpha 1
COL3A1 Collagen, type III, alpha 1
COL4A1 Collagen, type IV, alpha 1
COL5A1 Collagen, type V, alpha 1
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COL6A1 Collagen, type VI, alpha 1
COMP Cartilage oligomeric matrix protein
CSF1 Colony stimulating factor 1 (macrophage)
CSF2 Colony stimulating factor 2 

(granulocyte-macrophage)
CSF3 Colony stimulating factor 3 (granulocyte)
CTSK Cathepsin K
DLX5 Distal-less homeobox 5
EGF Epidermal growth factor
FGF1 Fibroblast growth factor 1
FGF2 Fibroblast growth factor 2
FGFR1 Fibroblast growth factor receptor 1
FGFR2 Fibroblast growth factor receptor 2
FLT1 Fms-related tyrosine kinase 1
FN1 Fibronectin 1
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GDF10 Growth differentiation factor 10
GLI1 GLI family zinc finger 1
HPRT1 Hypoxanthine phosphoribosyltransferase 1
ICAM1 Intercellular adhesion molecule 1
IGF-1 Insulin-like growth factor 1
IGF1R Insulin-like growth factor 1 receptor
IHH Indian hedgehog
IL-10 Interleukin 10
IL-1œ Interleukin 1 beta
IL-6 Interleukin 6
ITGA2 Integrin, alpha 2
ITGA3 Integrin, alpha 3
ITGAM Integrin, alpha M
ITGAV Integrin, alpha V
ITGB Integrin Beta 1
LDHA Lactate Dehydrogenase Alfa 
MMP10 Matrix metallopeptidase 10
MMP2 Matrix metallopeptidase 2
MMP8 Matrix metallopeptidase 8
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MMP9 Matrix metallopeptidase 9
NFKB1 Nuclear factor of kappa light polypeptide gene 

enhancer in B-cells 1
NOG Noggin
PDGFA Platelet-derived growth factor alpha polypeptide
PHEX Phosphate regulating endopeptidase homolog, 

X-linked
RPLP1 Ribosomal protein, large, P1
RUNX-2 Runt-related transcription factor 2
SERPINH1 Serine (or cysteine) peptidase inhibitor, clade H, 

member 1
SMAD1 SMAD family member 1
SMAD2 SMAD family member 2
SMAD3 SMAD family member 3
SMAD4 SMAD family member 4
SMAD5 SMAD family member 5
SOST Sclerosteosis
SOX9 SRY-box containing gene 9
SP7 Sp7 transcription factor
SPP-1 (OPN) Secreted Phosphoprotein 1 (Osteopontin)
TGFB1 Transforming growth factor, beta 1
TGFB2 Transforming growth factor, beta 2
TGFB3 Transforming growth factor, beta 3
TGFBR1 Transforming growth factor, beta receptor 1
TGFBR2 Transforming growth factor, beta receptor II
TGFBR3 Transforming growth factor, beta receptor III
TNF Tumor necrosis factor (TNF superfamily, member 2)
TNFSF11 Tumor necrosis factor (ligand) superfamily, member 

11
TNFRSF11 Tumor Necrosis Factor receptor superfamily 11 beta
TWIST1 Twist homolog 1 (Drosophila)
VCAM1 Vascular cell adhesion molecule 1
VDR Vitamin D (1,25- dihydroxyvitamin D3) receptor
VEGFA Vascular endothelial growth factor A
VEGFB Vascular endothelial growth factor B
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BIOMATERIALS FOR APPLICATIONS 
IN BONE

Definitions of biomaterials
The materials used in the body are commonly named “biomaterials”, 
defined as “materials intended to interface with biological systems 
to evaluate, treat, augment or replace any tissue, organ or function 
of the body”1. 

The definition encompasses a vast category of materials and 
substances, including not only conventional implantable devices, 
but also delivery systems for drugs and genes, substrates for cell 
therapies and bioreactors, biodegradable scaffolds implemented with 
growth factors and living cells for tissue regeneration, micro- and 
nanoparticles for therapeutic and diagnostic purposes and a long list 
of other technologies that partially cross over the realms of tissue 
engineering and pharmacology2. 

The importance of biomaterials in medicine and the overwhelming 
growth in the field of biomaterial science during the recent decades 
are probably best depicted by the magnitude of their worldwide sales, 
which is expected to reach a value of more than 130 billions US 
dollars in 20203. 

This thesis is focused on biomaterials utilized for applications in 
bone, applicable for orthopaedics, cranio-maxillo-facial surgery or 
oral implantology. 

To succeed in life, you need three things: a wishbone, 
a backbone and a funny bone. 

Reba McEntire (1955 -), American singer
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Table 1 summarizes commonly used materials of which orthopaedics 
and cranio-maxillo-facial implantology.

Table 1. State-of-the-art materials for osseous applications. Adapted from 
Ratner B. D.4 and other sources. 

Class Material Applications

Metals Titanium and Ti Alloys 
(Ti-6Al-4V, Ti-Zr, etc)

Oral implants, 
TJA components (nonbearing 
surfaces), Fracture plates and 
screws, 
Reinforcement in membranes for 
guided bone regeneration, 
Meshes for bone regeneration, 
Porous scaffold for bone tissue 
engineering;

Cobalt-chromium TJA components;
Bearing surfaces in TJA

Stainless steel TJA components;
Plates and screws for fracture 
fixation, 

Nitinol Shape memory applications

Magnesium alloys Resorbable osteosynthesis screws

Ceramics Alumina (Al2O3) Bearing surfaces of TJA components, 
Oral implants, 
Abutments

Zirconia (ZrO2) Bearing surfaces of TJA components, 
Oral implants
Abutments

Calcium phosphates  
and HA

Bioactive coatings, 
Bone substitutes, 
Scaffolds for bone tissue engineering

Bioactive glasses Bone filling materials, 

(Table 1 continues on next page)
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Polymers PMMA Bone cement

UHMWPE Low-friction inserts for bearing 
surfaces

Resorbable polymers 
(PGA, PLGA, 
polycapronolactone,  
etc)

Resorbable plates and screws for 
osteosynthesis, 
Absorbable sutures, 
Absorbable meshes and membranes 
for GBR, 
Scaffolds for bone tissue engineering

PEEK Spinal cages, Abutments for oral 
implants

Medical fibres Ligament and tendon structures; 
sutures

Mechanisms of host-biomaterial interaction in bone
Ever since biomaterials have been applied in the living body, concerns 
with regards to their safety and efficiency and the ways to evaluate 
them clinically and pre-clinically have existed.

The “ability of a material to perform with an appropriate 
host response in a specific application” has been defined as 
“biocompatibility” 2,5, a term inspired by the Greek words “bio”, 
which means “life”, and “compatible”, which means “compliant”. 

As this definition points out, biocompatibility can only be defined 
in the context of a specific application of biomaterials in the body 
and it is not a general property of a material in itself. The nature of 
the interaction between the material and the recipient tissues, and the 
duration of this interaction, determines the safety and the successful 
clinical performance of a biomedical device2. 

One obvious and general requirement for biomaterials is that they 
should not produce any harm or adverse effect to the host, neither 
locally nor systemically. For example, they should not be cytotoxic, 
cancerogenic, genotoxic and should not induce reproductive toxicity. 
However, a part for not harming, biomaterials have the purpose 
to perform some beneficial function in the host, and that varies 
depending of the application.

The specific response, essential for the clinical functionality, that 
is expected from biomaterials implanted in the skeleton is that 
apposition of healthy osseous tissue occurs at the interface between 

(Table 1 cont.)
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the device and the surrounding bone, without the interposition of soft 
tissue6. In addition, it is desirable that bone incorporation takes place 
in as short time as possible and it lasts as long as possible, ideally for 
the entire life of the patients. 

The first generation of biomaterials that have been extensively 
used and studied in medicine are the long-term implantable devices, 
such as artificial joints and metallic devices for osteosyntesis. They 
served primarily mechanical and physical functions in the body 
and the requirement for them was to be as less biologically and 
chemically reactive as possible, to avoid disturbances to the natural 
healing processes of the living tissues7. For example, the materials 
were selected among those resistant to corrosion and wear (i.e. 
titanium, cobalt-chromium, PEEK, PTFE, silicon, oxide ceramics, 
etc), as the release of ions, debris or monomers could disturb the 
tissue homeostasis. Based on the experience with these materials, it 
was assumed and established that the term biocompatibility was in 
close relation to the term bioinertness 7. 

Recently, the expectations of how biomaterials should perform 
have changed drastically and the attention shifted towards devices 
that deliberately interact with tissues, rather than being ignored by 
them. Novel biomaterials aim to stimulate the active involvement of 
the tissues in producing an appropriate response, not only compatible 
with, but even supportive of the desired outcome8. The list of 
potential requirements of biomaterials includes today properties such 
as bioactivity, osteoinductivity, drug-elution and biodegradability, 
together with the usual safety requisites. 

For example, a biodegradable device, such as a scaffold for bone 
tissue engineering, does not have to comply with the principles of 
chemical and biological inertness. It is expected, instead, to react with 
the body components and to gradually degrade at a speed that allows 
the growth of new tissue in its replacement9. In the process, it should 
release non-toxic and non-irritating by-products, at a rate that produces 
an appropriate local and systemic response, and it is supposed to do so 
only once its mechanical function is no longer needed9. 

The development of solutions that address the current challenges 
in the field of biomaterials relies on the understanding of the complex 
chemical, biochemical, physical and physiological mechanisms that 
are activated during that very specific interaction of a biomaterial 
and the host tissues. 
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A brief overview of the mechanisms of interaction between the 
biomaterials and the host, relevant for the applications in bone, is 
given in the following sections. All these mechanisms are obviously 
strictly related and influence one another.

Wound healing processes 
Biomaterials are placed in bone through a surgical procedure that 
produces trauma similar to fracture10. Immediately, haemorrhage 
occurs due to the damage of blood vessels and triggers defence 
mechanisms that lead to blood clot formation: platelets become 
active and release granules with important growth factors and other 
biochemical signals, which induce, for example, vasoconstriction and 
initiation of the coagulation cascade. Pro-thrombin and fibrinogen 
are transformed into their counterparts, thrombin and fibrin, which 
stabilize the coagulum. In the meanwhile, pro-thrombin and debris 
from tissue damage attract in the area cells of the immune system, 
initially neutrophils, but soon also macrophages and lymphocytes. A 
phase of inflammation is established. The hypoxia, due to interruption 
of blood flow, as well as chemotactic factors released by the various 
cells involved, stimulates endothelial and mesenchymal stem cells 
to migrate in the area. The blood clot, populated by different cell 
type, gradually transforms into granulation tissue and it is removed 
by fibrinolysis. Angiogenesis is initiated and new vessels form and 
supply nutrition and oxygen to the areas of regeneration. At this 
stage, osteoblasts progenitors and fibroblast progenitors are able to 
migrate into the tissue, probably using the fibrin matrix as scaffold. 
When they finally differentiate into active osteoblasts or fibroblasts, 
they can start to deposit collagen and extra-cellular matrix. In the 
case of osteoblasts, they deposit osteoid matrix and then mediate 
its calcification, through precipitation of hydroxyapatite crystals. 
Initially formed woven bone is immature and structurally unorganized. 
Woven bone it builds up the callus, which is mechanically weak 
and needs to be protected from excessive motion, since otherwise 
complete ossification will be hindered. Through ossification and 
successive remodelling, the callus evolves in mature, lamellar bone, 
which has the same structure, function and mechanical strength of 
the original bone. 
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All the aforementioned events take place during normal bone 
healing, but it is reasonable to assume that they occur even after 
implant installation10. A main prerequisite for the endosseous 
implants is, thus, to not negatively interfere with the reparative ability 
of the osseous tissues, but to allow the build-up of new bone at the 
interface with the material. 

For example, certain materials, such as copper, emit toxic ions 
and hinder the healing process of bone, ending up being embedded 
in soft tissues11. 

Another examples, is that the implants should not undergo excessive 
micromotion during the phase of the callus formation, as it has been 
described that implants submitted to interfacial micromotion of more 
than 150 µm during the healing phase will inevitably be incorporated 
by fibrous tissues rather than bone, presumably due to the instability 
of the blood clot due to movements12. 

However, other mechanisms rather than only the normal wound 
healing process concur to the final outcome of encapsulation of 
the implant by bony tissue. The specific mechanisms of the host-
biomaterial interaction that lead to encapsulation of the implants 
in bone are of mechanical, physical and chemical nature and are 
mediated in part by the immunity13. 

Recently, some authors have postulated that the encapsulation 
of materials in bone is a special form of “foreign body response”, 
because biomaterials are foreign to the body. In this interpretation, 
the connective tissue that surrounds and shields off the foreign body 
from the host is bone, instead of soft tissue11,14. This hypothesis 
stemmed from the observation that the peri-implant bone is not 
histologically identical to the original bone and it is more condensed 
and less innervated and vascularized, suggesting an analogous aspect 
to that of the connective tissue encapsulating foreign bodies in soft 
tissues15. In this perspective, processes related to acute and chronic 
immunity and inflammation would play a more prominent role in 
the formation and preservation of the bone-implant interface than 
what was previously hypothesized11,14. 



36

Mechanical interaction of biomaterials and bone
Implants that are placed in bone have the function to carry some load. 
Their mechanical properties, in relation to the desired application, 
are paramount for their clinical functionality. For example, the stem 
of a femoral prosthesis, which has to carry an average load of 1800 
N while walking, has to do so for approximately 10 million cycles 
every 4 years of function16. Such a stem must possess high strength, 
suitable ductility, good resistance to fatigue, protection from wear 
and corrosion during friction and other specific properties.

However, apart from possessing mechanical properties suitable 
for the desired application, in an ideal situation, biomaterials should 
also have a mechanical profile identical to that of the tissues they 
are implanted into. In fact, the physiological, mechanical stimuli are 
fundamental to maintain the homeostasis of many tissues including 
bone17,18. Already more than one hundred years ago, Wolff theorized 
that the structure of bone is correlated to the direction and intensity 
of the mechanical stresses and that areas of bone that are unloaded 
tend to be resorbed by the body, while areas that sustain higher loads 
are reinforced with more bone apposition19. This may continue until 
a certain limit, as extreme stresses are also signals that trigger bone 
resorption20.

It is rare that biomaterials possess mechanical properties that 
precisely match those of the bone and they inevitably alter the 
mechanical environment at the site of implantation. Bone responds 
to the alteration with biological adaptation. For example, it is known 
that materials that are much stiffer than the bone, as Co-Cr alloys and 
stainless steel used for joint prosthesis, change the loading pattern 
in the bone: the materials bear the entire mechanical forces and do 
not transfer it to the surrounding bone21. The lack of the mechanical 
stimulation of the bone induces osteoclast activation, causing bone 
resorption21. This phenomenon has been called “stress-shielding” and 
it is an issue for many orthopaedic applications, like spinal cages, 
arthroplasties and internal fixation devices22-24. This phenomenon is 
an indication that a certain trade-off has to be made in the selection 
of the mechanical properties of the implants. 

The cellular mechanisms through which mechanical stimuli are 
translated into biological effects are altogether termed “mechano-
transduction” and they are observed in many tissues25. In bone, 
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mechano-transduction is probably mediated by flows in the 
extracellular fluids, induced by mechanical forces26. The fluid 
movements are sensed by osteocytes along the cancalicular network. 
Fluid shear forces can, for example, cause changes in conformation 
of proteins on the cells, as receptors or ion channels, which are then 
translated into intracellular cellular signals26. The final result could be 
the release of paracrine signals from osteocytes and regulation of bone 
remodelling. However, other cells, such as osteoblast progenitors, 
could have mechanosensors themselves and respond autonomously 
to the mechanical environment27.

Unfortunately, still too little it is known on these processes to guide 
us toward a systematic knowledge-based development of biomaterials 
that would consent to exploit mechano-transduction profitably for 
long-term bone integration and to avoid the drawback related to 
mechanical mismatch of biomaterials in bone. However, some lessons 
have been learnt through experience and we are today able, within 
certain extents, to control the biomechanical phenomena, as the 
stress-shielding effect, by manipulation of the implant design. 

Much effort has been devoted in finding and designing oral, facial or 
orthopaedic implants that induce appropriate mechanical stimulation 
of the surrounding environment, without inducing excessively high 
stress peaks28-31. PEEK, which have an elastic modulus similar to 
bone, has replaced metals in certain applications, as vertebral surgery. 
Implants have been provided with retention elements, such as threads 
and microthreads, for an optimal distribution of load into the bone 
and their shape has been adapted to comply with the biological 
need32. 

Some clinical success has been obtained with novel designs, but 
the research of the ultimate biomaterials and designs with optimal 
biomechanical properties continues.   

Surface topography and surface physical status
The surface of biomaterials is recognized as one of the most influential 
aspects in the interaction with the host. At least for permanent 
implants, virtually only the surface is in direct contact with the body 
for the entire implant lifetime. 

The surface chemical composition, the surface topography and 
the surface thermodynamic status (surface charge, surface energy, 
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wettability, crystallinity and molecular mobility) are of significant 
influence for the integration of biomaterials into bone.

It is difficult to identify the influence of each individual parameter, 
since they are closely related and it is almost impossible to modify 
one of them without affecting the others. However, there is evidence 
that highlighted the unequivocal relationship between some surface 
properties and the tissue response. This is especially true for surface 
chemistry (that will be discussed in the next section) and surface 
topography. 

A substantial number of pre-clinical reports showed that implant 
surfaces with a moderately rough topography stimulate significantly 
more osseointegration than minimally rough or very rough 
surfaces33-36. 

In addition, the establishment of the bony interface was significantly 
faster for the moderately rough surfaces compared to smoother and 
rougher surfaces36. Even at a clinical level, moderately rough surfaces 
yielded better performances than minimally rough surfaces, especially 
in certain categories of patients and for certain applications37,38. As a 
consequence, almost all currently commercialized implants for oral 
application have adopted this microtopography39,40. 

A corroborated hypothesis is that microrough surfaces are 
favourably coated by a layer of macromolecules41-43. In general, all 
surfaces are coated by adsorbed and adherent macromolecules, coming 
from blood and interstitial fluids, immediately upon implantation 
in the body. The simple fact that microrough surfaces, rather than 
minimally rough ones, provides a much larger surface area for the 
adsorption of macromolecules could explain why they are able to 
stimulate a more favourable bone response. For example, it has been 
shown that surface rugostity mediates the adhesion of fibrinogen on 
surfaces. Fibrinogen, in turn, influences the activation of platelets and 
their stabilization on the surface. Platelets release important growth 
factors and vasoactive factors, which may accelerate the healing 
mechanisms10. 

Microrough surfaces have been often defined “osteoconductive”, 
referring to their ability to promote bone growth directly on them and 
within their grooves and pits44. These surfaces present an improved 
biomechanical interlocking with the bone. One speculation is that 
the filaments of fibrin that forms the clot are more firmly retained 
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by rough surfaces than smoother ones during implant micromotion 
and during the physiological contraction of the granulation tissue 
around the healing implant10. Fibrin is then used as a scaffold by 
the osteoblast precursors that can migrate on the surface and that 
can start to deposit bone matrix directly there. Surfaces with a 
microrough topography seem to favour osteoblast adhesion also via 
fibronectin and vitronectin binding45. In addition, it has been shown 
that cells can directly recognize and interact with surface features and 
groves of the same magnitude of their dimensions46-49.

Still too little is known of the kinetic of proteins and macromolecules 
adsorption on different surfaces to enable us to deliberately control 
it, for example tailoring surface that allow the selective adsorption 
of some proteins13. However, biomaterial surfaces have been 
manipulated with respect to their nanotopography, on the claim that 
it favours the adhesion of proteins and cells. In particular, proteins 
and extracellular matrix could sense certain nanostructures, which 
activate signalling pathways toward osteogenesis50,51. There is ample 
experimental evidence that modifications of nanotopography can 
facilitate osteoblast adhesion and proliferation and optimize the 
speed of bone formation52-58. 

However, not all types of nanofeatures are effective in generating 
desired responses from cells. Park and co-workers performed a study 
in which they cultured cells on TiO2 nanotubes assembled on Ti 
surfaces. The nanotubes were of different size between 15 and 100 
nm and cells reacted with increased adhesion and proliferation only 
to spacing up to 30 nm, while larger tubes severely impaired the cell 
growth59. In addition, Wennerberg and colleagues discovered that 
many commercially available cp Ti and TiZr alloys surfaces possess 
nanostructures, due to the spontaneous deposition of an oxide 
layer on Ti in an aqueous environment60. A survey of the available 
literature suggested that only nanostructures that were homogenously 
distributed on the surfaces and that had a crystalline structure, rather 
than an amorphous one, showed appreciable increase of cellular 
activity61. 

The encouraging pre-clinical findings prompted many researchers 
to produce and test new nanopatterns on surfaces and implant 
manufacturers have integrated specific nanotopographies on 
their devices. However, as of today, the clinical significance of 
nanostructured surfaces has not yet been clarified62. 
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There are other surface characteristics that are hypothesized to 
have an impact in cell attachment and bone response. In particular, 
the surface charge describes to which extent binding sites are 
unsatisfied on the surface and, for the purpose of enhancing the 
biological response, to which extent the binding sites are available 
for the interaction with proteins and macromolecules. The higher 
the surface charge, the higher is the ability of the surface to adsorb 
proteins and, thus, to mediate the following healing events. 

Several techniques have been introduced with the goal of increasing 
the surface charge, such as cleaning the surfaces under argon or 
nitrogen atmosphere or under ultraviolet (UV) light. In close relation 
to surface charge is also the degree of surface wettability. Hydrophilic 
surfaces have been proposed to enhance the interaction with blood 
and blood proteins and, thus, to enhance the responsivity of cells 
and bone tissue58,63-68. However, conclusive evidence of increased 
performances in patients has not yet been found69.

Surface chemistry
As discussed earlier, during the last decades, the focus of biomaterials 
was on implants that presented low chemical reactivity with the body. 
Materials with high resistance to corrosion were preferably selected 
and strategies were applied to minimize the release of particles and 
ions under the aggressive conditions of the physiological environment. 
This approach was correctly supported by the finding that the release 
of ions and debris from implants was deleterious for the surrounding 
tissues. The implants were made by elements and materials inherently 
foreign to the host and they posed toxicity risk.

Nowadays, we are facing a paradigm shift: the allegedly inert 
implants are chemically treated to increase their biological activity 
and there is increasing interest in resorbable materials and corrodible 
metals for those biomedical applications in which biodegradation 
could be of clinical advantage70. These materials are expected to 
release chemical substances and metal ions in the body and are 
deliberately designed to do so in a controlled fashion. It is therefore 
of extreme importance to discuss what are the possible chemically-
driven mechanisms of interaction between tissues and biomaterials.
Actually, it can be speculated that virtually all materials, even those 
allegedly bioinert, have chemically-reactive surfaces or can release 



41

some chemically active derivatives in the biological environment. 
Titanium and its alloys are some descriptive examples. 

Titanium is considered chemically inert because in aqueous 
environment it is immediately covered by a 2-30 nm thick layer of 
titanium oxides (TiO2)

71. This layer passivates the surface of Ti and 
protects it from further chemical reactions with the surrounding 
fluids, in turn making Ti resistant to corrosion and chemically stable 
in the physiological milieu. 

However, it has been reported that the TiO2 has the ability 
to interact directly with proteins and macromolecules72,73. 
Macromolecules adsorbed on titanium surfaces, in response to the 
surface chemistry as well as to the other properties of the surface 
mentioned before (topography, hydrophilicity, surface energy and 
charge), change their conformation and can display biologically 
active units, usually hidden in the soluble form74. The unfolding of 
active sites, called epitopeptides, triggers the interaction with cells 
or with other macromolecules and initiates pathways, such as the 
coagulation cascade, the complements or cell adhesion, which are 
pivotal either for tissue integration or for tissue rejection75. For that 
reason, it can be said that the surface chemistry of titanium is likely 
to have certain biological effects, rather than being totally ignored 
by the body. 

In recent decades, titanium implant surfaces have been modified 
in terms of their chemistry, to obtain enhanced bonding of the bone 
to the implant surfaces76. 

Several chemical methods, as anodization or electrochemical 
oxidation, have been applied to modify the TiO2 layer77. With these 
methods, it is possible to control the build-up of the oxide layers 
on titanium and the surface chemistry is modified at the same time 
with other surface parameters, as oxide crystallinity, porosity and 
nanostructure. Implants with such surface modifications showed 
increased bone-to-implant contact in vivo, however it is difficult to 
isolate in this interaction the specific role of surface chemistry from 
that of nanoporosity or surface charge78. 

Titanium oxides were also modified by incorporation of other ions. 
In particular, Ca, P, F, Mg were implanted onto titanium oxides surfaces 
or the titanium surfaces were coated with calcium-phosphate78-82. The 
rationale of these modifications was to make the surfaces bioactive, 
thus, capable of creating a direct bonding with bone 76. 
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Bone-bonding has been suggested but has never been clearly 
observed on native titanium surfaces, for which biomechanical 
interlocking appeared as the most probable type of bonding between 
the surface and the bone83. A recent study investigated the bone-
implant integration with an atomic resolution and demonstrated that 
a layer of Ca ions was in direct contact with the titanium dioxide 
layer, without interposition of C species and, thus, of proteins 76,84. 
However, the presence of this Ca layer is not yet a conclusive evidence 
of bone-bonding, as it might be just the first inorganic precipitate 
that covers the Ti surface due to the attraction of the Ca2+ ions to the 
slightly negative charge of TiO2, rather than a sign of bone directly 
binding titanium. 

Nevertheless, the affinity of Ca for titanium surfaces might be the 
cue that mediates the further attachment of macromolecules and that 
consents adhesion of cells to the surfaces. The presence of Ca, F, P 
and Mg, directly incorporated into surfaces, have been suggested to 
create electrochemical sites for the direct bonding of proteins and 
hydroxyapatite with the implant surfaces85. Additionally, the release of 
these elements in the peri-implant sites could contribute to the catalysis 
of hydroxyapatite formation and of protein function85. One example is 
that free Ca and Mg ions are catalysts for integrin binding to substrates, 
and, therefore, they can favour the direct adhesion of cells to surfaces. 

Other proposed chemical modifications consist in the coating 
of implant surfaces with peptides and proteins, such as laminin86, 
elastin87, fibrinectin88, or polysaccharides89, with the scope of 
positively influence the osteoconduction and immunomodulation or 
to reduce bacteria adhesion90.

Some chemical modifications of titanium surfaces showed 
undoubtedly better osseointegration performances in vivo than native 
surfaces, like fluoridated surfaces, magnesium-implanted surfaces 
and certain Ca-P coatings 91-94. For instance, during push-out tests of 
implants with fluoridate surfaces, fractures in bone occurred before 
the rupture of the bone-implant interface, suggesting that the bond 
at the interface was stronger than that within the bone itself91. Some 
authors have interpreted these findings as the evidence of the existence 
of bone-bonding92, however other authors consider these evidences 
not yet conclusive and remarked the difficulty to distinguish, with the 
available analytical methods, the influence of biochemical bonding 
from that of biomechanical bonding76. 
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Particles and ions release 
Chemical interactions between biomaterials and the host do not take 
place only at the material surfaces, but also with chemical moieties 
that the materials may liberate in the body. All types of materials used 
to construct biomedical devices can release degradation products, 
and all the resorbable materials are deliberately designed to do so in 
a controlled manner.  

 Polymeric biomaterials can release particles, oligomers, monomers 
and additives95, metallic implants can release metal ions, metal 
particles and polycations96, while ceramics can release particles or 
ions. Mechanical wear is usually responsible of particulate debris, 
whereas corrosion at surfaces leads to release of ions and molecules. 

The amount, the physicochemical status, the chemical composition, 
the emission rate and the concentration of the released entities 
determine the biological response from the host and, in turn, the 
success or failure of the device in the body. Material degradation 
products can be locally accumulated or distributed in the body 
and can be stable or reactive. Stable particulate that accumulates 
can determine anyway a physical reaction in the site. The possible 
adverse reactions related to the emission of chemical entities in the 
body are excessive inflammation, tissue necrosis, hypersensitivity, 
tissue accumulation, local or systemic toxicity and local or systemic 
carcinogenicity6.

The understanding of the pathways that the body has evolved to 
deal with foreign elements and the ways in which foreign elements can 
elude the body surveillance and produce adverse effects is extremely 
important both for the development of effective and successful 
biodegradable materials, as for the advancement of the therapies 
involving permanent implants. 

Particles
Particles can be released in the host environment from permanent 
biomaterials, from implant coatings (for example plasma-sprayed 
hydroxyapatite coatings), from resorbable materials or they can be 
delivered on purpose, as in the case of microparticles and nanoparticles 
used as drug delivery systems. 

The dimension of the particles is a determinant feature for the effect 
they elicit in the body. Particles between 1 and 100 nm (nanoparticles) 
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can diffuse through cell membranes, while particles between 100 nm 
and 10 µm can be internalized through phagocytation97. When the 
particle size is between 10 and 100 µm, multinucleated giant cells, 
resulting from the fusion of several macrophages, are recruited for 
the phagocytosis, while bigger particles cannot be phagocytized by 
cells and can activate a phenomenon called frustrated phagocytosis9. 
Most of the metallic particles produced by wear are nanoparticles, 
but larger particles may be released in case of fractures of small pieces 
from the implants. Whereas polymeric materials emit more often 
microparticles. Nanoparticles have a bigger surface to volume ratio 
than microparticles and they are generally more reactive96.

In the presence of particles, cells of the innate defence are usually 
activated at first. In particular, neutrophils granulocytes and 
macrophages can recognize and engulf particles that are covered by 
defensive molecules (like the factors of the complement) adsorbed 
on the surfaces, a process called opsonisation98. Once internalized in 
these cells, the particles are in contact with the acidic environment of 
phagolyposomes and with enzymes as hydrolases, which can digest 
them. In addition, these cells can produce reactive oxygen species 
(ROS) that can react with the particles and degrade them through 
oxidation. 

If the particles are successfully degraded with these mechanisms, as 
in the case of biodegradable materials, the defensive reaction of the 
host is terminated, usually without any lasting effects. If the particles 
cannot be degraded, the cells start to release pro-inflammatory 
signals and produce chronic inflammation in the area9. The result in 
the long-term can be fibrosis, to isolate the inflamed area from the 
rest of the body. 

Phagocytic cells containing particles can also reach lymph nodes, 
which are the filtering stations of the immune system, and the non-
degradable particles can accumulate there. 

When the particles are too big to be internalized by one single cell, 
several macrophages fuse together, forming multinucleated giant cells 
that try to internalize the big particles. These cells usually alarm the 
defensive mechanisms and sustain local inflammation by secretion 
of pro-inflammatory cytokines and chemokines. If the particles 
are too large even for multinucleated giant cells, macrophages 
or multinucleated giant cells may emit digestive enzymes and the 
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ROS outside of the cell membranes, in a process called frustrated 
phagocytosis, and cause damage and necrosis to the tissues and 
eventually also to the material99,100. 

One specific and intractable consequence induced by the presence 
of non-degradable and irritating particles that is relevant for 
orthopaedic devices is osteolysis101. Macrophages and multinucleated 
giant cells, activated by non-degradable particles, secrete chemotactic 
cytokines that recruit osteoclasts in bone and usually lead to the 
clinical failure of the orthopaedic implants. 

However, it as been documented that in some cases, non-resorbable 
particles of metal, ceramic or bone substitute materials can become, 
instead, totally encapsulated by bone, as a shield-off mechanism15,102. 
That outcome seems to depend on the ability of certain materials to 
modulate the activation of macrophages to the M2 type instead of the 
M1 type74. M1 macrophages are the “pro-inflammatory” phenotype, 
which sustains inflammation and excrete cytotoxic products, as 
reactive nitrogen and oxygen species (RNS and ROS), while M2 
macrophages are “anti-inflammatory”, as they release cytokines and 
factor to suppress inflammation and to induce wound healing and 
integration, instead74. 

The understanding of the mechanisms that makes biomaterials 
and their particles less prone to induce inflammation is interesting 
for the design of biodegradable materials too, because they are more 
likely to disseminate particles and fragments in the surrounding 
tissues during degradation. Materials with the ability to suppress 
excessive inflammation should be preferred. For example, attempts 
have been made to design biodegradable polymers that preferentially 
activate the M2 phenotype of macrophages74. Similarly, Mg-based 
metals are being studied as biodegradable materials in respect to 
their immunomodulatory and anti-inflammatory capacity and it 
was shown that, even as particulate, Mg materials do not boost 
inflammation, but rather control it103.

Metal ions
Metal ions in the body have traditionally being perceived as toxic, 
however in reality, metal elements are vital for the cells to function 
and they play catalytic, structural and signalling roles96. 
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The metal ions that are required by the body to function are divided 
in essential metals, like Ca, Mg, Na and K for which an intake higher 
than 100mg/day is required for health, and essential trace metals, 
like Fe, Cu, Co, Zn, Mo, Mg, Cr, which are essential for the body 
to function, but should be present in very low amounts104,105. Some 
metals, usually heavy-metals, are non-essential and their presence 
in the body can cause important toxicity and should be completely 
avoided106. This is the case of Hg, Cd, Pb, As, and Al etc. The body 
has developed endogenous protection systems that take care of metal 
detoxification and excretion, but when metal concentrations exceed 
the buffering capacity of these systems, toxic effects may arise. Metal 
toxicity depends greatly on the metal type, the concentration, the 
duration of the exposure, the chemical status of the metals and on 
the health status of the host.

One of the main problems elicited by non-essential metal ions is the 
formation of complexes with DNA or proteins inside cells, where they 
can enter via aspecific diffusion through the cytosolic membranes96. 
The macromolecules are then inactivated with consequent cell death 
or degeneration. An example is Pb, which inhibits the synthesis of 
heme group and therefore of haemoglobin106. Another is Hg, which 
binds to sulphur-containing molecules in the brain and inactivate 
them causing neurological damage106. Alternatively, foreign metal 
ions can inactivate proteins and enzymes by competing for binding 
sites with Ca2+, like in the case of Cd or Gd107. 

Another problem with metal ions in cells is that they are reactive 
and tend to be reduced, producing aggressive reactive oxygen 
and nitrogen species (ROS and RNS), which oxidize the organic 
macromolecules and cause cell damages108.

Metal ions can sometimes be toxic even at sub-lethal levels, as 
they can cause hypersensitivity, acting as haptens109. Haptens are 
small molecules or ions which bind to endogenous proteins, causing 
conformational changes that make those proteins to be perceived 
as “non-self” by the immune system109. Macrophages and dendritic 
cells can internalize the protein-metal complex and present that to 
lymphocytes, which produce antibodies and specific responses to 
them. Metal hypersensitivity is common for nickel (Ni) but it has 
been described also for Co and Ti110. 
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A great amount of research has been produced to understand the 
mechanisms of interaction between metal ions and the living systems. 
These studies were especially prompted in the orthopedic field by 
the observations of important metal release around failing joint 
prostheses and by the suspect that aseptic implant loosening can be 
caused by inflammatory reactions to released ions and particles. The 
toxicity of the most common bulk elements of prostheses (Ti, Cr, Co) 
has been addressed the most. However, alloying and trace elements, 
like Mo, Al, V, Ni, can also be the cause of the toxic effects. 

Metal ions that are liberated from Co-Cr prostheses are Co2+, 
Cr6+ and Cr3+, which diffuse within cells and are associated to 
macrophages mortality, hypersensitivity and delayed inflammation. 
The majority of the ions and particles remain in the proximity of the 
prostheses, where they can reach very high concentration with time 
and can induce local toxic effects and severe inflammation. However, 
these ions can accumulate also in distant organs, reached via the 
circulatory systems. For example, the filtering organs, the liver, the 
kidneys and the spleen, can be at risk of oxidative stress from these 
ions. In healthy patients, the normal serum levels of Co and Cr are 
0.29 µg/L and 0.34 µg/L, respectively, and they can reach levels of 
1-7 µg/L in patients with well-functioning Co-Cr hip prosthesis 
(especially metal-on-metal)111. However, values of hundreds of µg/L 
have been reported in patients with prosthetic failure or pathological 
reactions to the placed joint112.  

Titanium and Ti alloys are more susceptible to wear than to 
corrosion, therefore it is more likely that Ti-based prosthesis emit 
metal particles than metal ions96. Ti particles in bone have been 
associated with osteolysis101, as discussed in the previous sections. 
However, the release of Ti ions, especially Ti4+ and Ti3+, is not 
impossible and can be the results of microfriction that breaks the 
protective oxide layer on Ti113. Ti ions are considered less toxic than 
Co and Cr ions, but can possibly induce hypersensitivity and can 
promote abnormally the immune response, which will explain why 
stronger reaction to bacterial infections are observed in presence of 
Ti than with the same amount of bacteria alone96. 

The release of metal ions from orthopaedic biomaterials has been 
traditionally a reason of great concern for the possible toxic effects. 
However, new applications that exploit the controlled released 
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of metals for therapeutic purposes have been proposed and are 
investigated. Mg, Zn and Fe have been proposed as bulk materials 
for implants that gradually biodegrade. Mg, Ca, Sr and Zn ions have 
been added to implant coatings to be released in the body and to elicit 
positive effects. Al is used as vaccine adjuvant. Vanadium (V) is under 
experimentation for the treatment of cancer. Silver nanoparticles 
and ions are studied as antibacterial agents. Mg-Ti particles that 
corrode via galvanic coupling are tested to control tumour growth96. 
Gadolinium (Gd) is being used in anticancer therapies and magnetic 
resonance contrast agents. It must be noted here that these are just 
some of the examples.

With the advent of these new technologies and especially of 
biodegradable metals that are becoming of some interest for human 
applications, it has become relevant to clarify the effects of the 
prolonged and massive exposure to body-friendly elements, as 
Mg, Ca, Zn, Sr, Mn, Fe, etc96, but also of alloying elements, as Gd, 
Ag, Y, Ce, Nd etc., which are introduced in the alloys to tailor the 
mechanical properties and which are also released in the body during 
material degradation. 

Molecules 
Polymers and composite used as implants can release in the body 
molecules, such as oligomers resulting from polymers degradation, 
or monomers and additives, residual of incomplete polymerization9. 

Breakdown of biodegradables polymers occurs via hydrolysis, 
oxidation or specific enzymatic reactions. The products of hydrolysis 
are usually carboxylic and hydroxilid acids, while oxidation products 
are for example aldehydes and ketones. These molecules can usually 
be excreted with the urine. However, one problem with these 
products is that they lower the pH in the area and they can cause 
inflammatory response95. The ability of the tissue to tolerate the pH 
changes depends on the amount, concentration, generation rate and 
chemical status. 

The presence of inflammation and the release of enzymes and ROS 
by the defence cells can increase the degradation rate of polymeric 
materials and induce a vicious circle of inflammation/material 
degeneration.
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Monomers, oligomers and additives can also be responsible of 
hypersensitivity and allergic reaction, as they can be presented to 
lymphocytes either bounded to body proteins (haptens) or alone9. 

Status of the host
Clinical experience has made evident that individual patients have 
different susceptibilities to implant failure and that both local and 
systemic status of the host has a great influence on the reaction to 
biomaterials. 

As we have previously discussed, the establishment of a functional 
interface between biomaterials and the bone depends in part on 
the host capacity to activate the wound healing and the defence 
mechanisms properly. This ability can be impaired in patients with 
local or systemic conditions, which interfere with bone healing and 
immune response.

Regarding the local conditions, the quality and the quantity of the 
bone in the recipient site seem to be decisive for the implant outcome. 
Implant placed in low-density trabecular bone with a thin cortical 
are less mechanically stables in the initial phases of healing and may 
undergo micromotions, which hinder the encapsulation by new bone 
in close contact with the implant surfaces12. Therefore, many studies 
suggest that implant failure is higher in low-density bone114. Few 
studies report that problems may occur when implants are placed in 
very dense bone, which has much less vascularisation and that run 
the risk of being overheated during the surgical preparation of the 
implant bed114. 

General health problems and systemic conditions, as well as bad 
habits, such as smoking or excessive alcohol consumption, could 
also negatively influence the bone healing processes and, thus, 
increase the risk of implant failure. However, it should be noted 
that, aside medical emergencies and active infections, there are almost 
no absolute contraindications to implant placement, neither in the 
jaws, nor in other regions of the skeleton, indicating that to date, no 
medical condition alone has been recognized to cause implant failure.

The systemic conditions that could potentially interfere with the 
integration and function of oral implants are bone metabolic diseases, 
such as osteoporosis, type 2 diabetes, smoking, in a dose-dependent 
fashion, alcohol consumption, irradiation in the head-neck region 
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and intake of certain medications (cyclosporine, glucocorticoids, 
anti-depressant drugs and bisphosphonates)115-117.

All these conditions affect the repair mechanisms of bone and the 
bone quality, either because they diminish the osteogenic capacity, 
or because they damage the microvasculature (especially smoking 
and diabetes) or because they interfere with the inflammation, by 
suppressing or promoting it. 

Recent theories have underlined the role of immunological cues 
in the biomaterials-host relationship118,119 and, thus, the possible 
centrality of genetically or acquired immunological disorders on 
biomaterials rejection. For example, rheumatoid arthritis (RA), an 
autoimmune disease, has been shown to significantly affect the bone 
loss around implants and implant failure, both in the jaw120 and 
in joint replacement121,122, probably due to a degeneration of the 
inflammatory processes in bone. Whether RA alone or medications 
against RA may play a role in the bone loss is unknown. 

In addition, it was noted that, in some patients, wear particles 
from the prostheses did not trigger any adverse reactions and did not 
jeopardize the integration of the prostheses, while other individuals 
without any apparent disturbance in the devices showed osteolysis 
and reactions123. These observations could in part be related to 
patient age, health status, weight and level of activity, but for some 
part, they were inexplicable and suggested that the individual genetic 
basis might have a significant role in the mechanisms of host-implant 
relationship. 

This stimulated researchers to search for correlation of some 
genetic polymorphisms and the interaction with implants; it was 
found that some genetic defects in pro-inflammatory markers were 
directly linked to increased peri-implant bone destruction124-127.

The increasingly frequent observations that individual patient 
characteristics, as genetic polymorphisms of molecules important 
in inflammation, extracellular matrix128, bone remodelling129, 
coagulation etc, could potentially open up a new area of study in 
biomaterials science, named “biomaterio-genomic”, which would 
investigate, in a way analogous to “pharmacogenomics”, the role of 
genetics on the response to biomaterials4. 
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Clinical, surgical and nursing protocols
While the biomaterial research focused greatly on the influence of 
the implant hardware on the interaction between biomaterials and 
hosts, less attention has been paid to the importance of the surgical 
techniques and of the surgical skills on biomaterial outcome130. To 
assure the uneventful acceptance of biomaterials in tissues, it is 
necessary to follow a careful and delicate surgical routine, which 
does not impair the regenerative ability of the surrounding tissues. 
For example, excessive heating during preparation of the implant bed 
should be avoided, as it can cause osteothermal necrosis in bone and 
failure of osseointegration131. 

Some reports have been published, highlighting the importance 
of the surgeons´ skills on the long-term outcome of oral implants. In 
a retrospective study assessing the outcome of approximately 1000 
implants, it was found that one single surgeon was responsible of 40% 
of the implant failures in a certain year132, while another examination 
found a positive correlation between the implant failure and the 
surgeon and the prosthodontist responsible for the rehabilitation133. 

These results are corroborated by reports from the orthopaedic 
practice. It was noted that both the surgeon volume and the 
hospital volume of operations per year were inversely correlated to 
the risk of complication, the rate of re-operation and the patient 
satisfaction134-139, when the other variables as the type of prosthesis 
and the patient-related factors were corrected. 

In addition, the best outcome for orthopedic implants is obtained in 
patients that follow a rigorous regime of physiotherapy immediately 
after the surgery and that receive precise instructions on how to 
manage their post-operative health care140. Similarly, at the time of 
installation of oral implants, instructions on what to eat, how to 
perform oral hygiene and how to maintain prosthetic constructs are 
provided to patients and are of importance to ensure peri-implant 
health141. 

These data point out that the success of orthopaedic and oral 
implantation of biomaterials relies on the experience and the ability 
of the surgical and clinical team and, thus, on the human factor rather 
than only on biomaterial-related properties142. It should be noted that 
certain procedures require higher level of expertise to assure success143.
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Rather than being a reason to stigmatize certain clinicians, these data 
should be considered helpful in the attempt to optimize healthcare. 
Clinicians and surgeons should be properly trained before performing 
procedures and patients should be always informed of the risks and, 
whenever possible, they should be engaged in pre-surgical education 
and motivated to self-care after the insertion of biomaterials140. In 
addition, these findings should be regarded of utmost importance 
by biomaterials manufacturers, which set the recommendations 
for clinical handling of their products; the development of novel 
materials needs to address the way the materials are later handled in 
the surgical theatre132.

Applications in bone
All the available orthopaedic, dental and cranio-maxillo-facial 
devices are used for one of the following rationales: replacement of 
anatomical deficit generated due to trauma, disease or congenital 
defects, correction of deformities, restoration of functions and 
cosmetic purposes. Orthopaedic and oral implants have been 
enormously successful pursuing these aims and have a number of 
records tracking their positive performances in restoring the patients’ 
function and aesthetic, and they have, in general, helped ameliorating 
their quality of life4. 

Orthopaedic devices have a market share of approximately 44 
billions US dollars (data as of 2012)3. It is estimated that 300,000 
total hip replacements, 700,000 total knee replacements and 438,000 
reductions of open fractures with internal fixation were performed in 
2010 only in the United States144. As for oral implants, they are placed 
in patients to replace missing teeth at a rate of 15 to 20 millions per 
year worldwide145. 

These numbers are expected to increase and with millions of patients 
receiving these devices every year, it is of great benefit to continue 
with both basic and clinical research for further improvements. 

Biomaterials used in bone can be categorized into their following 
specific applications.

Joint replacement
Joint replacement is the treatment of choice for degenerative 
ostheoartitis, the most common disease that affects articular joints 
and results in progressive degeneration of the cartilage and the bone 
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of the joints, considerable reduction of patient mobility and onset of 
severe pain146. Rheumatoid arthritis represents another reasons for 
joint replacement.  

Joint replacement consists in the substitution of the whole joint 
(total hip replacement or arthroplasty) or parts of it (hemiarthroplasty) 
by synthetic devices, which vicariate the function of the natural joint. 

Implantable devices for the substitution of the knee, the hip, the 
shoulder, the ankle, the elbow, the wrist and the finger are currently 
available and applied in clinics (Figure 1)147. 

The most important issues, still partially unsolved, faced by 
biomaterial engineers and clinicians dedicated to the development 
of the joint replacement solutions are (1) how to reproduce artificially 
the mechanism of movement of the joint, (2) what are the materials 
of choice for the implants and (3) how to create a durable connection 
between the prosthesis and the surrounding bone. 

As shown in the Table 1, as of today, the most commonly used 
materials for joint replacement are: titanium (Ti) and cobalt-
chromium (Co-Cr) alloys, for implant stems, ultra-high-molecular-
weight polyethylene (UHMWPE) and ceramics, as alumina, 

for bearing surfaces, and 
polymethilmetacrilate (PMMA) 
for bone cements148. These 
materials have been selected 
for their load-bearing capacity 
(fatigue resistance, strength, 
toughness etc) and their 
tribological properties.

To increase the ability of these 
materials to be incorporated 
by bone, 3 strategies have been 
applied: interposing a cement 
between bone and the prost hesis, 
making the implant surfaces 
macroporous, or manipula-
ting the surface to allow direct 
chemi cal bonding with bone.  

Figure 1: Radiographic image of a cemented total hip arthroplasty. 
The replacement of the hip is the most common orthopaedic operation as of 
today. Image courtesy of Gian Paolo Galli.



54

All 3 approaches present benefits and drawbacks, however the use of 
bone cement is clinically the most popular approach149.

Spinal column devices
The spinal column devices are used to correct spinal deformities or to 
treat back pain induced by intervertebral disc degeneration. 

Spinal deformities can be treated by surgical intervention and 
introduction of metal rods, plates or wires to align the vertebrae in 
the correct position147.

Regarding disc degeneration, the treatment of choice is currently 
the removal of the disc followed by spinal fusion. This technique 
usually helps to eliminate the pain, even though the patient will loose 
the relative mobility of the two vertebral segments involved150. 

The mechanism through which spinal fusion is obtained is by 
placing between 2 vertebrae with some sort of bone graft that 
stimulates new bone formation and fuses the two bone segments in 
one. The graft is supported either by screws or by spinal cages, made 
of PEEK or Ti, which stabilizes the graft and help to connect the two 
bone sections permanently151. 

Alternatively, the degenerated disc might be replaced by an artificial 
disc, although it is still very difficult to reproduce the peculiar aspects 
of the disc structure with good results and this task might be better 
addressed in the future if advancements are made in the tissue 
engineering of cartilage152. 

Bone fractures
Bone fractures can occur in every segment of the skeleton and at 
every age, usually as a result of a trauma or, less commonly, due 
to pathological weakening of the bone itself, which is not able to 
withstand normal loads. 

The bone has the intrinsic ability to regenerate spontaneously 
under the circumstances that the severed bone fragments are close 
to each other and that they are protected from excessive movements 
during healing.

To aid the healing processes, it can be enough to splint the fractured 
extremities with a plaster cast (as for many long bone fractures), but 
in certain cases, a surgical operation and the placement of internal 
or external fixation devices is required. 
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External fixation involves the use of screws and pins engaged into 
the bone fragments and then connected, externally, to a rigid frame. 
The device assures that the bone fragments are set in the proper 
anatomical location and protected from excessive loads during bone 
healing. This technique is usually employed for open fractures that 
cannot be treated with other methods.

Internal fixation requires surgical alignment of the bone pieces in 
the correct position and the consequent stabilization of them through 
the implantation of pins, screws, wires and plates. It is performed to 
treat complicated fractures with multiple bone pieces or fractures in 
locations where stabilization is not possible otherwise (e.g. condyles 
or fractures in the facial region)153,154. 

Internal fixation devices (plates, rods, wires, screws and 
intramedullary nails) are usually made of metals that can deliver 
load-bearing properties until the union of the fracture occurs 
(Figure 2). Titanium and stainless steel have been selected as preferred 
materials for their strength, their fatigue resistance and also their 
workability, as the devices might need to be adapted intra-operatively 
to the bone surfaces4. Alternatively, polymeric materials, preferably 
biodegradable ones, have been introduced with the scope of avoiding 
a second surgery for implant removal. 

Figure 2: Surgical images of internal fixation of facial fractures.  
Metallic plates and screws bare the load during healing of the bony 
segments. (a) orbital fracture; (b) mandibular fracture. Images courtesy of 
David Reinedahl. 
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Bone defects
Defects in bone can originate from trauma, tumour or congenital 
deformities. Despite the self-repairing ability of the bone, they will 
not spontaneously heal if defects are too big (critical size defects). 
In such cases, surgical bone reconstruction of the defect area can be 
performed, to restore patient function or aesthetic155. The options 
are:

1)  transplantation of bone grafts, which can be either autologous 
bone grafts or allografts and that are gradually integrated and 
substituted by new bone; 

2)  implantation of synthetic or natural bone substitutes, in form of 
porous structures, particles, gels, cements or scaffolds, which guide 
the formation of new tissue and then should be resorbed; 

3)  implantation of metal, ceramic or plastic prostheses, which fill the 
volume of the defects and partially restore the function. 

In the first case, solid bone grafts and bone transplants need to be 
stabilized, as in the case of internal fixation of fractures, by screws 
or plates that are kept in place until osteosynthesis of the grafted 
bone is completed. 

In the second case, the material implanted can eventually be 
stabilized by membranes, resorbable or not, which act as barriers 
to avoid soft tissue colonization of the area before bone has filled it. 
The materials can be supplemented with drugs, growth factors and 
cells. In some cases, membranes can even be employed alone, without 
the addition of filling material, to generate space, which is gradually 
filled by blood clot thereafter by new bone156,157. 

In the third case, solid devices that can be porous or non-porous 
are used to fill the defect area158-162. Nowadays, they are often custom-
made to match the patient defects, which is made possible with 
the aid of rapid prototyping, 3D printing and other techniques163. 
Sometimes devices replace an entire bone segment and they are called 
mega-prostheses164. 

Ligament and tendon repair
The substitution and the repair of tendons and ligaments are great 
challenges in orthopaedic surgery. Today, attempts are made to employ 
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autografts, allografts and xenografts of various type to replace these 
tissues, when they cannot be repaired with conservative treatments165. 
The fabric-like materials are anchored to the bone using metallic or 
polymeric screws and act as scaffold or membranes to encourage the 
re-colonization by the native cells and the consequent formation of 
new tissue.

Oral implants
Tooth extraction is the most common surgical procedure performed 
on humans and it is therefore not surprising that dental prostheses are 
the most frequently employed biomedical device4. Missing dentition 
can be substituted by fixed or removable prostheses, supported either 
by the remaining natural dentition, by the oral mucosa or by oral 
implants. 

Oral implants are installed to replace the root of the lost dentition 
and to support crowns, bridges or full arch dentures in millions of 
patients every year166. In a smaller number of patients, oral implants 
are employed also as anchorage for orthodontic devices167.

Already in ancient times, surgeons have used devices for the 
replacement of missing teeth, with poor clinical success. With the 
advent of modern implantology, endosseous implants have become 
a reliable and widespread treatment option for the long-term 
restoration of partial or total edentulism. The revolution of modern 
implatology is based on the discovery that bone can directly adapt 
to the surfaces of root-formed titanium implants, a phenomenon 
better known as osseointegration168. It was soon realized that the 
tight anchorage of the implants in bone could be exploited for 
functional loading, but it also became clear that some strategies had 
to be applied to assure its formation169. The importance of the crucial 
factors for osseintegration, as a delicate surgical technique to prepare 
the implant bed, the need for the usage of non-toxic materials and 
the protection of the implants from excessive loads during the initial 
healing phases, was recognized already at that time and led to the 
success of oral implants130.

Oral implants come today in a myriad of shapes and designs and 
in a number of different materials, however with a great dominance 
of c.p. Titanium. Other metals and ceramics are less frequently used, 
however, some such as zirconia implants are available in the market. 
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Likewise, along with the evolution of the implant device itself, the 
surgical protocols and the treatment philosophies in implant dentistry 
have gone through drastic changes during the past several decades. 

The clinical survival and success of oral implants are reported to 
be extremely high compared to any other biomedical treatment170. 
However, there exists possibility for further improvement, which has 
prompted constant research in the field.  

Cranio-maxillo-facial reconstruction
Reconstruction of cranio-facial skeletal structures may be required 
after trauma, tumour resection or due to congenital deformities. 
Similar considerations as those made for other bone defects apply 
here. 

Autologous bone grafting has been used as treatment of choice for 
its good results in terms of integration and acceptance by surrounding 
tissues171. However, the inherent drawbacks of autologous grafts, as 
the morbidity at the harvesting site, the reduced availability of bone 
in case of large defects and the possible resorption of the grafts, 
have stimulated the search for alternatives. Allogenic bone from bone 
banks is a possible solution, as well as tissue engineering constructs, 
however, evidence with regards to biosafety is scarce and this is one of 
the obstacles for a broad usage172. Synthetic grafts as hydroxyapatite 
or tricalcium-phosphate are also an option, in particulates or as 
cements, however, the indication is mainly restricted to smaller 
defects173,174. 

Other biomaterials commonly used in cranio-facial defects are 
polymers, such as porous polyethilene, porous metals, titanium 
meshes, ceramics and composites175.

Other applications
The osseointegration concept has been exploited for other non-
oral applications, which have benefitted the quality of life of the 
patients. Some examples are the support of facial prostheses176, the 
support of hearing aids177 and the attachment of prosthetic limbs in 
high-amputees or other patients that cannot use conventional socket 
prostheses178,179. 

Similar biological principles and challenges apply for the integration 
of these implants. 
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Clinical issues with the currently available devices
The biomedical technologies for bone application has achieved 
tremendous advancements in the last decades and have resulted 
in the development of implants that function for a long period of 
time. However, some fundamental challenges still remain and are 
exacerbated by the aging of the population and by the increased life 
expectancy of the patients.

A considerable amount of the current population, the generation of 
the so-called baby boomers, is entering the age when musculoskeletal 
conditions, as back pain, osteoarthritis, trauma and osteoporosis, 
have high prevalence and a tremendous impact on the quality of life. 
In such an aging population, other chronic conditions are also on 
the rise, for example diabetes or autoimmune diseases and they can 
contribute to long-term complications of medical devices.

However, the current population has also experienced a 
considerable improvement in wellness and longevity and people can 
aim to maintain an active lifestyle at older ages than what it was 
ever expected before. Therefore, the advancements in orthopaedic 
and dental technologies are expected to provide these patients with 
solutions to restore their muskoloskeltal and dental functionality 
promptly and durably and to address the possible challenges of 
concomitant systemic conditions. 

In a landscape of medical technologies that is continuously 
expanding, a subtle but not negligible difficulty for physicians is to 
set apart true innovations from marketing trends. At the same time, 
the increase in healthcare costs for such a growing population will 
prompt clinicians and decision-makers to adopt a strictly evidence-
based approach in the selection of methods and devices. 

In the following sections the most common clinical issues to the 
current endosseous medical devices and the potential solutions 
proposed so far are summarized.

Clinical issues with permanent implants 
Joint arthroplasty has been performed for more than 50 years and it 
has a track record of clinical success. For example, total hip cemented 
prostheses have a 20-years clinical survival of around 90%180. The 
percentage is lower, but still high, for uncemented prostheses. Similar are 
the percentages of survival reported for other joints, which have a more 
complex biomechanical behaviour, such as the knee or the shoulder. 
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High survival rates are observed also for oral implants and studies 
report that they remain in function in up to 95-98% of the patients 
at 10 years38,170. 

Despite these acceptable outcomes, one must keep in mind that 
the results may vary substantially, which is fully dependent on the 
different features that the implants may possess, such as implant 
designs, surface topography, installation techniques. Moreover, 
the different patient categories, in terms of age, health status, and 
habits should be considered as an influential factor. In addition, since 
millions of implants are placed every year worldwide, premature 
failures still affect tens of thousands of people, with these numbers 
only destined to increase. 

In orthopaedics, the major problems that can threaten permanent 
implants are aseptic implant loosening and peri-implant infection 
(Figure 3). Other possible complications leading to implant failure 
are hardware fracture, surgical complications, implant dislocation, 
technical errors and, in a small percentage of cases, even allergic 
reactions to the implant materials181,182.

Despite aseptic implant loosening and peri-implant infection are 
often regarded as mutually exclusive diagnoses in the orthopaedic 
field, in realty they can concur to implant failure and certain studies 
point out to the possible connection of the conditions183. It is estimated 
that bacteria-related infections are responsible for approximately 

Figure 3. Radiographic image of a 
total hip arthroplasty with areas of 
bone resorption (arrows) around the 
femoral stem and the acetabular cup. 
Image courtesy of Gian Paolo Galli. 
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10-20% of the hip failures184, however the relative percentages of 
these complications varies depending on the report180,185-187. 

In dentistry, what is considered implant failure is the loss of 
marginal bone around the implants (Figure 4). Failures may occur at 
early stages after implant insertion (between implant installation to 
function) or later during function. For oral implants, it has been even 
more complicated to distinguish if marginal bone loss around implants 
was primary caused by bacteria or by other mechanisms of aseptic 
nature, as overloading, presence of cement debris, release of ions and 
particles from the implants etc, because implants that become loose in 
the mouth are immediately covered by a bacterial biofilms, which can 
be responsible of the worsening of the peri-implant osteolysis188. This is 
probably why the definition of aseptic implant loosening is not common 
in oral implantology, although it is not excluded that implants fail also 
for non-infectious reasons. In addition, in dentistry different research 
efforts incriminate different reasons for marginal bone loss189-193. 

Figure 4. Radiographic image of three oral implants supporting a bridge. 
The implant in the middle is affected by extensive marginal bone loss, as 
shown by the area of radiolucency in the bone surrounding the implant. 
The other 2 implants have some threads not surrounded by marginal 
bone, presumably due to marginal bone loss. Courtesy of Prof. Hugo  
de Bruyn. 
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Implant loosening
Aseptic implant loosening has a multifactorial origin. The release 
of wear debris and ions from the articulating surfaces, implant 
micromotion during functional loading, implant overloading, the 
stress-shielding effect and the poor regeneration capacity of the host 
bone, have all been reported to be one of the reasons123 and are the 
focus of potential technological improvements. 

Certain local and systemic conditions seem to result in more 
implant failures. For example, when implants are placed in low-
density bone, as in patients with osteoporosis, they are more at risk 
of micromotion because they come in contact with thinned and 
rarefied trabecualae that might not achieve adequate initial fixation 
(Figure 5)194. In addition, osteoporotic patients might also present a 
deficit in the formation of new bone and increase bone resorption 
rates195. The lack of an intact bone-to-implant contact, in turn, 
increases the formation of wear particles at the interfaces, due to 
microfriction between the implant surface and the bone. Moreover, 
wear particles are more prone to migrate along the interfaces when 
large gaps are present, worsening the osteolysis induced by them123. 

Other conditions that have been associated with poor implant 
outcome are smoking196, diabetes, rheumatoid arthritis, irradiated 
bone, the intake of certain medications115-117, and bruxism in the case 
of oral implants197, which all might impair the healing capacity of 
bone and determine a poor bone in-growth on the implant surfaces.

Figure 5: Radiographic peri-apical images of alveolar bone with teeth in the 
lower jaw. (a) displays a dense trabecular structure with small intertrabecular 
spaces, (b) shows a mix of dense and sparse trabeculation and (c) displays 
rarefied trabecular structure, with large intertrabecular spaces and thin 
trabeculae, representative of osteoporotic bone. One could argue that 
implants placed in bone of the type shown in (c) might be at higher risk of 
micromotions during healing than implant placed in bone with a denser 
trabecular structure. Image from Jonasson G.I.



63

Of fundamental importance in patients that are more prone to implant 
failure is to aid the formation of a quick and stable anchorage of 
implants into bone. Several strategies have been applied to achieve 
it. One was the systemic administration of anabolic agents and 
antiresorptive drugs, in osteoporotic patients receiving orthopaedic 
or oral implants198. Some examples are bone morphogenetic proteins 
(BMPs), statins, bisphosphonates, strontium ranelate, parathyroid 
hormone (PTH) etc198-200. 

However, some concerns were raised about the potential side 
effects of these drugs. Therefore, a local incorporation of these drugs 
directly applied to the biomaterial surfaces, may be an alternative. 
This is because they assure the availability at desired concentrations 
directly in the vicinity of the implants, moreover, the dosages can be 
reduced, which could reduce the risk for possible side effects.

Biomaterials incorporating substances as BMPs, bisphosphonates, 
statins, vitamin D, thyroid hormones and strontium ranelate have 
been tested experimentally and clinically. 

BMPs are a family of proteins that act as paracrine factors in cell 
signalling and that have a central role in the formation of bone and 
cartilage, through the delivery of morphogenetic and differentiating 
signals to stem cells. Recombinant human BMPs (rhBMPs) have 
been used to dope the surfaces of oral and orthopaedic implants 
or have been incorporated in degradable bone substitutes and have 
been pre-clinically tested201-208. In particular, rhBMP-2 and rh-BMP-7 
were proved particularly successful and reached the approval from 
the Food and Drug Administration (FDA) to be used in patients. 

BMPs are proven to be osteoinductive, which means that they are 
able to initiate the process of osteogenesis, inducing pluripotent stem 
cells to commit to the osteoblastic lineage. In other terms, they are 
able to induce bone formation even in ectopic sites. However, this 
property, which is extremely promising for orthopaedic applications, 
where bone regeneration is desired, generates also some concerns, as 
they can induce uncontrolled activation of bone formation and bone 
overgrown, with dangerous effects. The most notable complications 
were observed when BMPs were used as doping agents for bone 
substitutes in spinal fusion of cervical vertebrae: soft tissue swelling 
and bone overgrown posed life-threatening difficulties to patients in 
respiration and swallowing 209. 
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Biphosphonates are a class of anti-resorptive drugs, prescribed 
for osteoporosis, which prevent bone loss by interfering with 
osteoclasts210. Their function is mediated by their affinity to Ca, to 
which they can bind with long-lasting bonds. When osteoclasts initiate 
bone resorption, the drugs are internalized by them or liberated 
and induce osteoclasts apoptosis or interrupt osteoclasts-mediated 
bone resorption. Their introduction in orthopaedic and oral implant 
surfaces has the aim of contrasting peri-implant osteolysis and implant 
loosening. Pre-clinical reports in vivo using bisphosphonate-eluting 
coatings have shown remarkable effects on the rate and amount of 
bone formation and the reduction of bone resorption211-215. 

However, bisphosphonate are associated with dramatic adverse 
effects in the jaws, known as bisphosphonate-related osteonecrosis 
of the jaws (BRONJ), a condition characterized by the exposure 
of necrotic bone in the maxillo-facial region that does not heal 
spontaneously216-218. Despite this effect has been registered so far 
mainly for systemic intake of these drugs, there are currently no 
reports that prove local release as a completely safe option. Therefore, 
the selection of bisphosphonates for the doping of oral and maxilla-
facial implants seems unlikely at the moment, as the risks could 
outweigh the benefits. 

Another group of drugs that has been investigated as doping 
agents in bone substitute and implant surfaces is statins. Statins are 
drugs primarily used to treat hypercholesterolemia. However as 
a side effect, statins have shown bone forming effects219. Clinical 
trials demonstrated that postmenopausal women treated with statins 
showed higher mineral density and reduced risk of bone fracture220. 
At the biochemical level, the positive findings were supported by 
higher expression of BMP-2 and vascular endothelial growth factors. 

Animal models testing biomaterials doped with statins showed 
positive results both in healthy and osteoporotic subjects220-224. 
However, it must be noted here that they have not yet reached the 
stage of clinical testing.

The search for alternative doping agents for endosseous implants 
is still ongoing and the ideal material should possess bioactivity 
and should prove to be safe in the body, with known clearance and 
no reported adverse effects. The use of elements already present 
in the body, with known metabolic activity in the bone and which 
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availability can be increased in the site of implantation could be the 
preferred solution. 

A part for drug releasing systems, a myriad of engineered coatings 
and the manipulation of implant surfaces in many different respects, 
have been tested to stimulate and strengthen the encapsulation of 
materials by bone90. 

Some recent novel proposals are surface modifications that allow 
modulating the unavoidable inflammatory response to implants 
and turning it in favour for osseointegration. Materials with 
osteoimmunomodulatory properties have been proposed119. For 
example, some coatings could allow the manipulation macrophage 
behaviour to harness their ability to induce vascularisation4,225. 

Peri-implant infection. 
The other major conundrum of implant failure is infection90,226-228.

Peri-implant infection of orthopaedic prostheses is a significant 
issue, as it often requires implant removal, with significant patient 
morbidity. In fact, bacteria can adhere to biomaterials and create 
biofilms, where the pathogens elude the body natural defences and 
are almost impossible to eradicate229. Bacteria, then, release toxins 
and activate the inflammatory and immunological processes, causing 
bone and tissue disruption around the implants. 

In order to treat peri-implant infections, oral antibiotic are often 
prescribed, although their effects are questionable. While systemic 
antibiotic treatment is successful in preventing the post-surgical 
infections of implants230-232, it is not very beneficial to treat infections 
when they are already established, because peri-implant infection are 
usually associated to bacteria biofilms in which antibiotics hardly 
penetrate and against which biofilms bacteria have a lot of defence 
mechanisms184.  

Many authors have proposed the concomitant use of antibiotic-
impregnated biomaterials, to contrast biofilm formation on surfaces90. 
For example, antibiotic-doped bone cements are routinely employed 
for hip arthroplasties with some efficacy233. 

However, a persistent concern with antibiotics is the selection 
of resistant strains of bacteria, especially at sub-lethal does of the 
drugs228. In addition, it can be expected that the antimicrobics are 
released shortly after implant placement and, at most, within the 
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weeks following implantation, therefore they offer protection for a 
relative short period of the implant life-time234. Of interest would be 
to produce coatings that can activate the antibiotic release only in the 
moment a bacterial infection arises or the development of surfaces 
that are able to inhibit bacteria adhesion for the entire permanence 
of the implant in the body234. 

Clinical issues in bone regeneration
The reconstruction of larger defects in bone is one of the most frequent 
operations in orthopaedic and maxillo-facial surgery. In an aging 
population, with osteoporosis on the rise, the incidence of non-union 
fractures that requires surgical intervention for bone regeneration 
is constantly increasing and has become a serious burden for the 
healthcare235. 

In the oral cavity, the availability of a sufficient quantity and 
quality of bone is an essential pre-requisite for implant placement 
and functional restoration. However, the reconstrution of atrophied 
alveolar sites, especially in the vertical dimension, is still a therapy 
with low predictability236. 

Autologous bone graft is the gold standard for reconstruction of 
bone defects and bone is the second most transplanted tissue, but 
it has inherent drawbacks, such as the morbidity of the harvesting 
site237. On the other hand, allogenic bone, which is decellularized 
and deproteinized bone usually from cadavers, is available in larger 
quantities, but it carries the risk of infection and it integrates slowly237. 
Other most used grafts such as Bio-Oss® (Geistlich, Wolhusen, 
Switzerland) and several others stem from animals, i.e. xenografts. 

Tissue engineering, with synthetic bone substitutes, overcomes the 
drawback of both autografts and allografts, it can in principle be 
used for the reconstruction of large defects, with complex anatomy. 
However, the substitute materials often display poor integration, 
insufficient mechanical properties and the lack of biological 
functionality237. 

The ideal bone substitutes should possess osteoconductivity, 
angiogenic properties, mechanical behaviour similar to that of the 
bone and then degrade over time, to be gradually replaced by the 
newly formed bone.  
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Clinical issues in osteosynthesis 
As previously mentioned, osteosynthesis is the process of reduction 
and internal fixation of bone fractures by means of implantable 
devices, which stabilizes the bone pieces and allow their restitution 
ad integrum by intramembranous ossification6. 

Devices for internal fixation are usually made of metals such as Ti 
or stainless steel. The functionality has been well proven, however, 
they present several drawbacks.

One dilemma related to the use of these permanent devices is that 
they often need to be removed once the healing has completed. In 
fact, their long-term presence in the body once their benefits are no 
longer needed can trigger some adverse effects, such as release of 
debris and particles due to wear and corrosion, which in turn may 
induce bone osteolysis. Researchers have even argued the putative 
risk of hypersensitivity and carcinogenicity with the presence of these 
devices in the body for patient lifetime6.

Another risk in the long run is bone resorption due to the stress-
shielding effect. Especially rigid plates carry considerable amount of 
load and relieve the underneath bone from most of the physiological 
loads238. It has been shown that bone beneath plates tend to become 
porous, increasing the risk of refracture238. In addition, very stiff 
fixation has been associated with delayed union or non-union of 
fractures238. Another disadvantage of permanent metal devices is that 
they interfere with many imaging methods to monitor the area of 
fracture and the surroundings.

Therefore, osteosynthesis devices are often removed, in a second 
surgical procedure. 

In particular, their removal is inevitable when pain, infection, 
limitation in motion, interference with further surgical interventions 
or disturbance to the growth plate in children may appear239. 

Osteosynthesis devices are removed in relatively high percentage 
of cases, ranging between 5 and 40% of the devices, depending on 
the area, and this makes implant removal the fourth most common 
surgical intervention in orthopaedics 240-242. The repeated surgery 
increases morbidity for the patients and cost for the healthcare and 
can be troublesome in nature, due to the osseointegration of the 
fixation devices. Nevertheless, device removal is perceived by the 
majority of patients as beneficial to reduce the inconveniences of 
retaining the implant in the body forever243. 
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Figure 6. 3D reconstruction of a CT image showing the fracture of mini-
plates (red circles) made of resorbable polymers and used for the fixation 
of mandibular fractures. Osteosynthesis failed 7 weeks after implantation. 
Image from Park Y.W.II.

Hardware removal following the fixation of cranio-faxillo-facial 
fractures or after ortognatic surgery and bone augmentation 
procedures in dentistry is particularly inconvenient; due to anatomical 
and cosmetic issues244. In addition, the elevation of a periosteal flap 
in the oral cavity to access and remove the fixations screws, pins 
and tacks use in alveolar ridge augmentation, for graft or membrane 
fixation, can cause further bone resorption in the area245. 

Polymers that biodegrade in the body upon substitution by new 
bony tissue have been proposed as alternative materials to permanent 
metals. Besides avoiding a second surgery for implant retrieval and 
the related complications, they have the advantages to reduce the 
risk of stress-shielding effect and to allow diagnostic imaging of the 
area. The main limitation is their unfavourable mechanical strength 
and fatigue resistance, compared to that of titanium or steel, which 
have confined their use to non load-bearing areas of the skeleton 
(Figure 6)246. 
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The biodegradation of the polymers is the result of a chemical 
mechanism of hydrolysis of the polymeric chains, promoted by 
enzymatic activity247. It often occurs without clinical symptoms, but 
in some cases the hydrolysis and release of particles from the devices 
generates an intense inflammatory reaction and osteolysis246. 

Therefore, the quest for alternative materials overcoming the 
drawbacks of both permanent metals and resorbable polymers is on.

Clinical issues in the repair of ligaments, tendons and 
cartilage 
The repair of ligaments, tendons and cartilage is one of the most 
critical challenges in orthopaedics. The complexity of these tissues is 
difficult to reproduce with artificial materials. The high stresses they 
bear during function and their connection to both bone and muscle 
make their reconstruction technically and biologically complicated147. 
For example, ligaments are connected to bone by a structure called 
fibrocartilagineous enthesis, which is composed by a stratification 
of fibrous tissue, fibrocartilage and bone not easily reproducible by 
a unique material248. 

However, there is a high demand for effective solutions in this field, 
considering the high incidence of pathologic conditions of tendons 
and ligaments in the population.

In the case of ligaments and tendons, autologous tissue grafts 
are routinely transplanted to substitute injured parts. The tissues 
are anchored to the bone with interference screws. Non-degradable 
screws made of Ti are often used and they have good mechanical 
properties, but run the risk of harm the fibrous tissue of the grafts 
and they need to be removed in a second surgery249. 

For this reason, biodegradable polymeric screws have been 
proposed and they have the advantage to resorb naturally with time. 
However, they can fail due to inadequate mechanical strength or 
they can induce adverse reactions in the surrounding tissue during 
degradation249. 

Therefore, it is desirable to find alternative materials and to 
improve the tissue engineering in this field.  
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MAGNESIUM

Physicochemical properties 
Magnesium is classified as a metal of the alkaline earth group 
(group 2) and has atomic number 12 and symbol Mg. Magnesium 
is abundant in the Universe (ninth most represented element) and on 
Earth, where it is the fourth most abundant element. It is also highly 
present in seawater, together with sodium and chlorine. 

Magnesium is highly reactive and presents oxidation state 2+, 
therefore in nature, it is always found combined with other elements. 
Pure magnesium can be obtained artificially and it is produced in solid 
form and has a shiny grey look. Magnesium has a standard electrode 
potential in water of -2.37 V, which makes it inherently vulnerable 
to corrosion. However, in atmosphere an oxide layer (MgO) quickly 
covers its surface and inhibits its reactivity and offers good protection 
from corrosion. Corrosion attacks are avoided also in liquids that 
promote the formation of hydroxide films (MgOH2), such as water 
at high pH (>10.5) or stagnating water. However, the hydroxide film 
is easily removed in presence of aggressive electrolytes, like chlorine, 
or by the fluid flows, and therefore magnesium becomes susceptible 
to corrosion under these conditions.

Magnesium has some interesting properties that have been 
exploited for specific human usages. One property is to be highly 

We’re made of star stuff. We are a way for the cosmos to know itself. 

Carl Sagan (1934 - 1996), American astronomer 
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flammable, a characteristic that was used in weapons and explosives, 
in light bulbs, in photography and in fire works. 

Furthermore, magnesium is attractive for transportation and 
aerospace applications because it is one of the lightest metals and at 
the same time possesses a very high strength to weight ratio. For these 
engineering uses, pure magnesium needs to be alloyed with other 
metals, to tailor its mechanical properties in a suitable way. A part 
for high strength/weight ration, Mg alloys possess good castability, 
good ductility, good vibration and shock absorption, are conductive 
to heat and electricity and are non-magnetic and non-toxic, all 
properties that make them very interesting250. 

However, Mg alloys are more susceptible to corrosion than highly 
pure magnesium, due to the presence of alloying elements, which 
precipitate in second phase structures and intermetallic particles. 
The alloying elements usually have a much higher electrochemical 
potential than magnesium and activate galvanic corrosion within the 
alloys. In addition, impurities, as nickel, copper, iron and cobalt, are 
almost inevitably introduced during Mg processing and they worsen 
the galvanic corrosion.

Therefore, to date, aluminium alloys are still more popular than 
Mg alloys for those applications where lightweight is a desired 
property. 

Biological properties 
Magnesium is an element essential for life. 

First of all, magnesium is at the basis of nucleic acids chemistry in 
the cells of all organisms. The ternary structures of RNA and DNA 
are mainly depended on the presence of Mg ions, which bind to the 
negatively charged O and N domains of these macromolecules and 
determine their functional conformation251. 

Moreover, Mg ions are known to serve as co-enzymes in over 600 
enzymes and activators in other 200 enzymes, as listed in enzymatic 
databases252. Worth of note is the role of Mg2+ for the activity of DNA 
and RNA polymerases, which have binding sites for Mg cations. The 
repair mechanisms of DNA are largely dependent on Mg availability 
as well, thus it can be said that Mg is fundamental for the genomic 
and genetic stability. 
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Equally important for life is the involvement of Mg2+ in the 
synthesis of proteins 251. 

Furthermore, Mg ions have a role in cell metabolism and 
glycolysis. Adenosine triphosphate (ATP), the molecule responsible 
of producing energy in the cell, is usually chelated by Mg ions and Mg 
is fundamental for the cycle of phosphorylation-dephosphorylation 
of ATP that produces energy251.

In addition, Mg2+ act as Ca2+ antagonist during cellular signalling 
and in muscle contraction, therefore the relative concentrations for 
these ions needs to be maintained at an optimal level.

Mg is also necessary for cell proliferation, given its effects in DNA 
synthesis and replication251.

Furthermore, magnesium ions are fundamental for the interaction 
of cells with extracellular matrix, via an integrin-mediated 
mechanism253,254, and, in turn, they favour the cell attachment to 
different substrata255,256.

Magnesium is involved in every biochemical process in cells. The 
chemical reasons for its unique and fundamental chemistry in the 
body is probably the dimension of its hydrated radius, which is a 
hundred times larger than that of other body cations (Na+, K+ and 
Ca2+)257. 

Despite its important role, magnesium is often overlooked in 
medicine and it has been called the “forgotten cation”258. 

Magnesium in the human body
As Mg2+ is fundamental in so many body functions, its level within 
cells and in the serum are strictly controlled. Typical concentrations 
of Mg2+ within cells fluctuate between 10 and 30 mM and the greatest 
amount of them is bound to proteins, nucleic acids, ribosomes and 
ATP, while the rest (0,5-1.2 mM) is freely available in the cytosol. 
Similar concentrations of Mg are maintained extracellularly and 
no transmembrane gradient exists for this ion. Several transcellular 
proteins are dedicated to Mg transportation and they regulate the 
cellular ingression and excretion. Magnesium concentration in serum 
for healthy subjects ranges between 0.7 and 1.1 mM, however only 
1% of the nearly 25 g of Mg ions contained in the human body is 
found in the serum, the rest being stored in bone, muscles and soft 
tissues. 
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Figure 7. The illustration represents magnesium homeostasis. When the 
recommended daily intake of 370 mg/day of Mg2+ is obtained, the intestines 
absorb ≈ 120 mg and secrete 20 mg of Mg2+, resulting in a net absorption of 
100 mg. In the kidneys ≈2,400 mg Mg2+ is filtered daily by the glomerulus, 
of which 2,300 mg is reabsorbed along the kidney tubuli. This results in 
a net excretion of 100 mg, which matches the intestinal absorption. Bone 
and muscle provide the most important Mg2+ storages. Image from de Baaji 
et al.III.

The homeostasis of Mg ions is the result of the concerted action of 
the intestine, where Mg is absorbed, the bone, where Mg is stored, 
and the kidneys, which regulate Mg excretion in the urine (Figure 7). 

The sources of magnesium are dietary and comprise green leafy 
vegetables, many cereal fibres and, in general, most of plant and 
animal based foods. The US Food and Nutrition Board recommends 
a daily Mg intake of 420 mg for adult men and 320 mg for adult 
women259. The greatest amount of Mg ions is absorbed in the small 
intestine by paracellular transport and this absorption is simply 
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regulated by concentration gradients between the blood and the 
lumen. In minor quantity, Mg is absorbed in the colon and in the 
cecum and it is this area that occurs the fine-tuning of Mg intake, in 
response to the body needs. In fact, the absorption takes place via 
specialized transcellular proteins, which the expression can be up- or 
down-regulated.

The intestine absorbs on average ≈ 30-50% of the ingested 
magnesium per day, so only 100 mg of Mg, if we assume that 
320-420 mg are ingested daily with foods as recommended. The 
rest is dispersed in the faeces. The intestine can slightly increase the 
Mg absorption in case of deficit, but the main regulation of Mg 
homeostasis occurs in the kidneys. These organs filter 2,400 mg of 
Mg ions every day and eliminate approximately 100 mg of it. It is at 
the level of the renal glomerulus that the most sensitive mechanisms 
are active to assure excretion of excess Mg or retention of it when 
the dosages are low. 

Finally, 50-60% of Mg is stored in bone, on the surface of 
hydroxyapatite crystals. The reservoir of Mg in bone warrants the 
fast availability of Mg in serum when needed, because it can be 
release in the blood from bone surfaces. 

Magnesium effects on health
Considering the important biological effects of Mg, it is not surprising 
that Mg is required for the physiological function of many tissues, 
in particular those of the brain, the heart and the musculoskeletal 
systems.

Low Mg intake has been associated with neurological disturbances, 
as migraine, depression and epilepsy. The reasons seem to be mostly 
related to the regulation of signalling in the synapses. Currently, 
Mg is an alternative therapy for migraine, with debated but with 
probable efficacy.  

Mg availability could have a role also in the health of the 
cardiovascular system. Mg2+ ions regulate myocardial contraction 
and electrical properties and it affects the tone of the vasculature. 
Therefore, Mg supplementation could help preventing hypertension, 
myocardial infarction and other cardiovascular diseases. For example, 
intravenous Mg administration, in the form of MgSO4 is already 
widely accepted as treatment of pre-eclampsia, with indisputable 
beneficial effects, but partly unknown mechanisms. 
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Mg levels are also very important for the normal functions of 
muscles. Ca ions are responsible for muscular contraction, while 
Mg ions, competing with Ca ones, aid muscular relaxation. Mg 
supplementation is, thus, widely used to treat muscular cramps. 

As above mentioned, Mg is fundamental in the glycolysis and 
therefore an associating between type 2 diabetes and low Mg intake 
has also been suggested as a cause favoring this condition. 

Magnesium exerts effects on immunity, as well, and it is considered 
an anti-inflammatory agent. This in part explains its involvement in 
the onset of cardiovascular diseases too, as absence of Mg worsens 
the inflammatory state in endothelial cells. 

Finally, Mg availability has profound influences in bone and 
cartilage health. Mg ions guide the formation of the hydroxyapatite 
(HA) crystals, increasing the solubility of Ca2+ and P, and, in absence 
of Mg, the HA crystals are larger and more structured, a characteristic 
that confers brittleness to the bone inorganic matrix. Mg2+ stimulates 
osteoblast proliferation and enhances bone formation. In addition, 
reduced levels of Mg affect the expression of pro-inflammatory 
cytokines and, in turn, activate bone resoprtion. 

The effects of Mg ions on osteoclasts are complex. In fact, Mg 
deficiency seems to increment osteoclasts proliferation, probably 
due to the pro-inflammatory environment formed with low 
magnesium175,, however osteoclasts attachment to the bone matrix 
and their activation is partly mediated by the presence of Mg2+ 260-262.

Magnesium seems to have a role also in chondrogenesis. Prolonged 
Mg deficiency represses chondrocyte columns formation and 
affects the status of articular cartilage in rats263, whereas high Mg 
concentrations support chondrocytes proliferation and activity, a 
finding that indicates Mg as possible tool for tissue engineering of 
cartilage264.

Magnesium deficiency has been found to promote osteoporosis, 
through direct and indirect mechanisms265. First of all, a reduction 
of Mg ions in serum triggers the mobilization of Mg from the bone 
where it is stored, with the consequences of decreasing osteoblast 
proliferation and function and the formation of hydroxyapatite 
crystals with weaker properties. In addition, Mg deficiency impairs 
the production and function of two important hormones, regulator 
of calcium homeostasis, which are parathyroid hormone (PTH) 
and 1,25(OH)2-vitamin D266. The interrelation of Mg and PTH is 
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quite complex. PTH is usually produced when calcium levels are 
low, but also low Mg levels can stimulate its secretion. PTH then 
assures that Ca ions are absorbed in the gut and reabsorbed in the 
kidneys. However, if the Mg levels are very low, PTH secretion is 
paradoxically blocked and, at the same time, PTH-receptors in tissues 
become refractory to PTH binding. The impairment of the responses 
of tissues to PTH reduces also the activation of vitamin D and, as 
a result of these summing factors, calcium homeostasis is impaired 
toward hypocalcaemia. Bone metabolism is affected with reduction 
of bone formation. 

Another indirect way through which Mg reduction favours 
the insurgence of osteoporosis is by inducing a pro-inflammatory 
environment. Low Mg ions in serum stimulate the production of pro-
inflammatory cytokines TNF, IL-1 and IL-6 in the bone marrow of 
rats and these cytokines are known to amplify osteoclast activation. 
In addition, in absence of sufficient Mg ions, oxidative stress is 
induced and the effect of anti-oxidant is reduced, other factors that 
promote osteoclastogenesis and inhibit osteoblasts 267.

Finally, as Mg ions regulate vasculature and endothelial function, 
low serum Mg could decrease vascularisation in the bone and, in 
turn, make it more prone to osteoporosis268,269. 

Several studies in humans have found a positive association 
between serum Mg and bone density in women270,271, and magnesium 
deficiency is considered to contribute to osteoporosis269,272,273. 
This assumption is corroborated by the fact that magnesium 
supplementation is beneficial for bone mineral density and to prevent 
fractures in osteoporotic women274,275. 

Disturbances of the magnesium homeostasis
Despite the importance of Mg homeostasis in the body, Mg2+ serum 
levels are not routinely scrutinized in patients, unless there is a strong 
suspect of Mg deficiency. 

Measuring serum levels of Mg is the easiest way to monitor Mg 
status, although the serum levels do not necessarily reflect total body 
availability, since most of Mg is not in the blood, but inside the cells 
and in the bone. Other methods have been proposed to estimate the 
Mg content in the body, as tolerance tests, however the diagnosis 
of imbalanced magnesium status should be supported by clinical 
symptomatology.  
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Hypomagnesemia 
Magnesium deficiency, called hypomagnesemia, is diagnosed when 
Mg2+ serum level is below 0.7 mM. It is difficult to encounter in 
otherwise-healthy people, because in case of Mg deficiency, the 
kidney excretes less Mg and the bone liberates the stored Mg in the 
blood. 

However, despite the widespread distribution of Mg in vegetables 
and cereals, dietary surveys found that most of Americans and 
Europeans have a lower dietary magnesium intake than that of 
the recommended. This is mainly because food processing and 
grains refining eliminates most of Mg content in food. Therefore, 
approximately 60% of the Western population could be at risk of 
consuming less Mg than required and that gradually lead to Mg 
depletion in bone and tissues. 

Moreover, there are some conditions that favour hypomagnesemia. 
They are chronic alcoholism, vomiting and diarrhoea, chronic renal 
and gastrointestinal diseases, as well as some drugs, like diuretics, 
proton-pumps inhibitors among others. 

In a very small percentage of people, Mg deficiency is also of 
genetic origin, as a consequence of mutation in the genes encoding 
for transcellular transporters in the gut and in the kidneys. 

Patients with Mg deficiency present non-specific symptoms as 
fatigue, depression, weakness, vomiting and muscle cramps. Sub-
clinical and prolonged magnesium deficiency can lead to osteopenia 
and osteoporosis and the other disturbs listed previously. 

If the hypomagnesemia is severe (<0.4mM), cardiac arrhythmia, 
tetany and seizures may occur. Furthermore, disturbances in the level 
of K+ and Ca2+ are observed as a consequence of low magnesium. 
K+ is more excreted in absence of Mg2+, which has renal regulatory 
function in the transport of K+, while Ca2+ concentration is affected 
due to the decrease in PTH production, secondary to low Mg. 

Hypomagnesemia is treated with Mg supplementation, either via 
oral or parenteral administration. Mg supplements can be in the form 
of magnesium oxide, citrate and chloride.

 
Hypermagnesemia 
Hypermagnesemia is the condition in which serum levels of Mg 
exceed 1.1 mM. The occurrence rate is very low, as in healthy subjects 
excessive Mg in blood is promptly excreted by the kidneys. However, 
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it can be of risk if the Mg ions concentration in serum is higher than 
3 mM, because of disturbs in cardiac contraction that can lead to 
death. 

The only few causes of hypermagnesemia observed so far are 
related to assumption of excessive doses of Mg2+-containing drugs 
in patients with impaired renal function. Drugs that contain Mg ions 
are certain laxatives, some anti-acid remedies and some therapies for 
muscular cramps and restless leg syndrome. 

The use of magnesium in biomaterials
The therapeutic effects of magnesium have been known since the 18th 
Century and it is not surprising that shortly after magnesium first 
isolation in the form of metal, some physicians have considered the 
application of biomaterials made of magnesium in the body.

The first reported application of magnesium as biomaterial dates 
back to 1878, when Edward C. Huse used magnesium wires as ligatures 
for blood vessels276. Following this, other clinicians experimented 
pioneering applications of magnesium in cardiovascular, orthopaedic 
and abdominal surgery, attracted by the fact that this metal corrodes 
in the body without toxic effects276. Magnesium tubes were proposed 
as connectors of blood vessels, nerves and intestinal tracts. In bone, 
magnesium screws, plates and sheet were employed in resurfacing of 
ankylotic joints, with successful outcomes in restoring joint motion, 
and in the fixation of fractures. In general surgery, magnesium devices 
such as arrows and wires were used to stop bleeding in parechymatous 
organs and in the treatment of hemangioma cavernous. 

Despite the initial enthusiasm of the early clinical investigators, 
the use of magnesium materials quickly declined, due to the 
drawback of gas cavity formation in the tissue around the corroding 
implants. The main obstacle at that time was to control the purity 
of the magnesium, as non-pure magnesium presented too fast and 
uncontrolled degradation, with intense evolution of hydrogen gas. 

Today, thanks to the technological advancements in magnesium 
production, it is possible to obtain ultra-high pure magnesium or 
magnesium alloys with controlled mechanical and degradation 
properties. Therefore, almost two hundred years later, the first 
exploitations, magnesium materials are again explored with 
burgeoning interest in medicine. 
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Magnesium-containing biomaterials are attractive for a variety 
of applications in the body. On the one hand, incorporation of 
magnesium in permanent implants has been proposed to enhance 
material integration with the host. On the other hand, implants 
entirely made of Mg or of Mg alloys are under investigation as 
cardiovascular stents, osteosynthesis devices and tissue engineering 
scaffolds for bone, nerve, cartilage, tendon and ligament repair and 
potentially other applications.

A brief overview of the areas of applications of magnesium in the 
biomedical devices is provided in the following.

Magnesium-doping of permanent implant surfaces
As aforementioned, the native oxide chemistry of titanium implants 
has been modified in various ways with the goal of improving the 
clinical performances of the implants, especially in challenging 
situations76. 

A promising chemical modification of the titanium surfaces 
has been the addition of Mg. Mg cations within the TiO2 layer 
offers binding sites for proteins and could electrostatically interact 
with polyanionic proteins, as vitronectin, fibronectin, collagen, 
osteopontin and bone sialoprotein, etc85. The presence of these 
proteins onto the surface is a potential cue to induce osteoblast 
progenitors to home onto the surface. All these proteins are, in 
fact, known to serve for the attachment of cells to the extra-cellular 
matrix, through transmembranous integrins. Once on the surface, the 
cells can differentiate toward active osteoblasts and start to deposit 
bone matrix directly there. 

In principle, other cations could induce similar results, but studies 
have shown that Mg2+ are the most effective ions in the mediation of 
cell attachment to substrata255,277. In addition, Mg ions are essential 
for the functional conformation of integrins, hence the increased 
availability of Mg ions can enhance the integrin-mediated cell 
adhesion to substrate254,278. 

Sul and co-workers investigated extensively the performance of 
Mg-incorporated titanium implants in vivo80,82,279,280. They used 
micro-arc oxidation to produce Mg-incorporated titanium surfaces 
and they found that Mg-incorporation of implant oxide layers, in 
spite of a negligible variation in topographical parameters, yielded 
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remarkable improvements in osseointegration. The Mg-modified 
implants required significantly more force to be removed from bone 
and they obtained more bone-to-implant contact. Furthermore, 
chemical analysis at the interfaces revealed a transition of Ca, P 
and Mg ions between the implants and the bone, a finding that 
corroborated the hypothesis of a biochemical bonding between 
Mg-treated surfaces and the bone. 

Other authors have tested other ways of incorporating Mg onto 
titanium surfaces and they demonstrated better performances in vivo 
of these implants compared to native titanium surfaces281,282. Another 
advantage of surfaces enhanced with magnesium, highlighted in 
different experimental studies, was the faster establishment of 
osseointegration, compared to titanium surfaces279,283, and this aspect 
is desirable especially when protocols of early loading are planned 
for the implants. 

Magnesium-modified implants were tested also in compromised 
bone, as those of ovariectomized rats, and they resulted in improved 
biological fixation of the implants in these sites284. 

These data corroborated the hypothesis that the chemical 
modification of the surface of permanent metals with magnesium 
is a promising strategy to assure a fast and strong encapsulation of 
the device into bone. Because magnesium is naturally present in the 
body and has a very high tolerance limit, there exist no foreseeable 
risks with regards to its application on implant surfaces and it could, 
thus, be preferable to modifications using chemicals or drugs with 
unknown long-term effects.  

Magnesium-enriched bone cements
PMMA has historically been used as bone cements, for the fixation 
of joint prostheses in bone. However, this material is not ideal, 
because it is non biodegradable, non bioactive, it does not properly 
osseointegrate with bone, but just acts as void filler. Cement emits 
heat during setting, which can cause thermal necrosis in the bone, 
and it is subjected to wear285. 

Alternatives to PMMA have been explored in the last 20 years 
and the focus was on materials that possess osteoconductivity 
and biodegradably. Calcium phosphate-based cements were first 
selected. However, they have a long setting time and poor mechanical 
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behaviour. The attentions shifted toward magnesium-phosphate bone 
cements, which offer good adhesive properties, osteoconductivity 
and biodegradability. Many systems have been tested286. In addition, 
magnesium oxide (MgO)-based bone cements have been investigated, 
with promising outcome287. 

Magnesium-based bone cements have been tested even for maxilla-
facial applications and for oral implants288. 

One magnesium-based bone cement called OsteoCrete (Bone 
Solutions Inc.) is already available for clinical use and it is claimed 
to achieve osseointegration 289. 

Biodegradable magnesium implants for osteosynthesis
As readily mentioned, the most medically attractive property of 
metallic magnesium is the degrading property in the physiological 
environment, through a process that releases non-toxic products. 
Therefore, the biotechnological applications where Mg is most 
promising are those where the degradation of the material over time 
is desirable. 

One relevant example is the production of osteosynthesis 
devices that can resorb when their function is no longer required70. 
Temporary implants can avoid the complications related to long 
lasting permanence of the implant in the body as well as those 
related to implant removal. Magnesium-based metals have the 
further advantage compared to biodegradable polymers to possess 
mechanical properties similar to that of the cortical bone, so they can 
withstand functional load. 

Some other candidates exist as bulk materials for biodegradable 
metals. They are Zn, Mn and Fe. However, Mg is by far the 
elements that poses the lowest risk of toxicity70. In fact, while the 
no-observable-adverse-effect-level (NOAEL) of Mg is estimated to be 
of 240-420 mg a day, the NOEAL of Fe is 8-12 mg/day and that of 
Zn 8-11 mg/day290. In addition, the release of Mg products during the 
implant degradation is suggested to be a positive cue to bone healing, 
considering the profound influence of Mg on bone metabolism291. In 
vivo studies have shown that Mg implants can promote substantial 
new bone formation, compared to biodegradable polymers, while 
they not induce excessive inflammation (Figure 8).
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Figure 8. Fluoroscopic images of cross-sections of (a) a degradable polymer 
(poly-96L/4D-lactide) and (b) a Mg-alloy pin implanted in the femur of guinea 
pigs for 18 weeks. Newly formed bone was stained by calcein green. The 
images show the extensive new bone formation around the Mg implant 
compared to the polymer implants. Bar=1.5 mm; I=implant residual; 
P=periosteal bone formation; E=endosteal bone formation. Figure from 
Witte et al. IV 

The idea of using Mg-based metals for osteosynthesis purposes is not 
new, but it has obtained renewed interest in the last decade, thanks 
to the technological advancements in the production of magnesium 
alloys, prompted by its usage in the automotive and in the aerospace 
industry292. The knowledge obtained in those areas was applied in 
the biomedical field and the first alloying systems tested for body 
applications were those commercially available in industry, as the AZ 
systems, in which the main alloying elements were Al and Zn, and 
the WE systems, based on Y and RE.  

The advantages with these alloy systems were the extensive 
knowledge on their manufacturing and processing, the very good 
mechanical properties, which had been tailored for structural 
applications, and the good degradation resistance. The problems 
were, although, that their design had not been driven by safety 
requirements for body-use and at least the Al-containing alloys were 
considered a no-go as biomaterials, due to the possible neurotoxicity 
of Al293. 

Interestingly, less health concerns were raised against Y and RE, 
and main components of the WE-systems, despite Y and some 
other RE have been associated with hepatotoxicity. Therefore, 
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they have been extensively studied in vivo. In particular, the alloy 
with nominal composition Mg-Y-RE-Zr was selected for excellent 
mechanical properties and satisfactory degradation profile. It showed 
tissue compatibility, osteoconductivity, without signs of excessive 
inflammation or allergy in pre-clinical testing and was later selected 
for clinical testing294,295. 

In 2013, the first orthopaedic device based on the Mg-Y-RE-Zr 
alloy received the CE mark296. The device is a compression screw, 
commercialized under the name of MAGNEZIX® screw (Syntellix, 
Ag, Hannover, Germany), which have demonstrated outcome 
equivalent to that of Ti screws for the surgical correction of hallux 
valgus (Figure 9)297.

Despite the success in the approval process, the biosafety of Y 
and RE is still not completely convincing, due to reports on the 

Figure 9. (Left) Photograph of compressive screws used for fixation of allux 
valgus. (a) The titanium screw (Fracture compressing screw, Königsee 
Implantate GmbH, Am Sand 4, 07426 Allendorf, Germany), (b) 
MAGNEZIX® Compression Screw (Syntellix AG Schiffgraben 11, 30159 
Hannover, Germany). The MAGNEZIX® screw is made of a Mg-Y-RE alloy 
and is biodegradable. 

(Right) Preoperative radiographs (posterior-anterior) and radiographic 
follow-up of a mild hallux valgus deformity corrected by a chevron osteotomy, 
in which either the Ti or the MAGNEZIX® compressive screws are employed. 
Both groups show similar healing. Image from Windhagen et al.V.
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hepatotoxicity of Y, and other alloys, containing more “body-
friendly” elements, have emerged and are currently under clinical 
investigation as internal fixation devices for the repair of fractures 
in the hand298.

The interesting properties offered by Mg materials and the drastic 
advancements of the last 15 years in Mg research would suggest 
that Mg-based implants had gained rapid popularity. However, in 
reality, they are not introduced routinely in clinical practice, due to 
some substantial challenges that are still unsolved, mainly related to 
magnesium degradation. 

Before overviewing what these challenges are, it is important to 
understand the mechanisms of Mg degradation.  

Mechanisms of magnesium degradation
The mode of degradation of Mg-based materials, and of degradable 
metals in general, is through metallic corrosion. As a matter of fact, 
the terms “corrosion” and “degradation” are often used as synonyms 
for Mg implants, although degradation and biodegradation are 
considered more correct to describe the resorption process in the 
contact with a living system. 

Metallic corrosion is an electrochemical reaction, which involves 
an anodic and a cathodic reaction (Figure 10). In nearly neutral 
aqueous solution, Mg dissolves rapidly, oxidizing into metal cations 
(anodic reaction). It releases electrons, which are consumed by 
the cathodic reactions of water reduction. The reduction of water 
generates hydroxides species, which can then react with the Mg2+ 
forming Mg-hydroxide, and hydrogen gas. The reaction formulas 
are: 

Anodic reaction:  Mg  Mg2+ + 2e-    (1)
Cathodic reaction: 2H2O + 2e-  2OH- + H2   (2)
Overall reaction:  Mg + 2H2O  Mg(OH)2 + H2   (3)

Mg(OH)2 is highly insoluble and precipitates on the surface, so it 
could act as a barrier to further corrosion and passivate the metal. 
However, two main reasons sustain further corrosion process. 

The first is the poor resistance of Mg(OH)2 in presence of 
chlorine ions, abundant in the physiological environment. Chlorine 
ions combine easily with the Mg, forming highly soluble MgCl2, 
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and cause the breakdown of the protective hydroxide layer. This 
can lead to pitting corrosion, i.e. corrosion in localized areas of the 
surface, where the Mg-hydroxide layer is removed faster. This type 
of corrosion is particularly dangerous because it can undermine the 
material integrity. 

The second reason of poor corrosion resistance of Mg is the 
presence of impurities within the metal, the most common of those 
are Fe, Si, Mn, Cu, Ni. Considering that Mg has a standard electrode 
potential of -2.37 V, it is susceptible to corrosion in contact with these 
elements that act as minute cathodes and react with the anodic Mg 
matrix, causing micro-cells of galvanic corrosion within the materials 
and dramatically accelerating Mg dissolution. 

In the physiological environment, further levels of complexity are 
added to the corrosion mechanisms of magnesium and its alloys, 
due to the presence of influencing factor as inorganic salts, buffering 

Figure 10. Examples of electrochemical corrosion: (a) homogenous corrosion; 
(b) pitting or filiform corrosion; (c) intergranular corrosion with loss of an 
entire grain; (d) selective corrosion; (e) stress corrosion within grains; (f) 
stress corrosion along grain boundaries. Adapted from Kusnierczyk and 
BasistaVI.
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systems, organic molecules and the mechanical stress70. These factors 
can either slow down or accelerate the degradation, in ways that we 
do not fully understand yet70. 

For example, of relevance is the presence of HCO3/CO2, the 
most important buffering system in the body, which is capable of 
consuming the OH- species and determines the precipitation of 
MgCO3, which acts as protective barriers to further corrosion299. 
However, at the same time, this buffering system continuously returns 
the local environment to a nearly neutral pH, creating the conditions 
for the corrosion to continue. 

Phosphate salts and Ca ions can decrease the corrosion by 
precipitating on the Mg surfaces and creating protective layers300. 
This is particularly relevant in bone, where these ions are abundantly 
available300. On the other hand, other inorganic salts, as SO2- and Cl-, 
can accelerate the corrosion299. 

Another relevant event that occurs in the body fluids is the 
absorption of organic molecules on the implant surfaces and the 
organic film could also contribute to decelerate corrosion of Mg70. 
Furthermore in vivo, the implants are in contact with the blood flow, 
which constantly remove the Mg products from the proximity of the 
alloy and that can disaggregate the protective layers70. Furthermore, 
the mechanical stresses that the implants undergo in the bone can 
affect the corrosion. As well, the mechanical stresses that the implants 
undergo in the bone can affect the corrosion301. 

Not to mention the effects that cells have on the degrading 
implants, the cells can either adhere to the metal and mediate the 
deposition of protective layers, reducing the degradation302, or they 
can actively concur in the material degradation, by creating an acidic 
environment, usual during inflammation, or emitting lysis enzymes303. 
A graphic representation of Mg corrosion in the body is presented 
in Figure 11. 

Challenges to the development of magnesium implants  
for osteosynthesis
The development of Mg biomaterials is particularly challenging since 
Mg degradation has to be a part of the design process of these devices. 
Material degradation is the property that most profoundly influences 
the successful performance of Mg materials. Fast degradation 
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provokes intense H2 evolution with potentially harmful effects on the 
surrounding tissues. In addition, the nature and amount of soluble 
and insoluble degradation products determines the tissue response. 
Finally, the timing and morphology of degradation determines the 
mechanical performance of the implanted material over time and the 
tissue stimulation. 

However, substantial knowledge is still lacking on how degradation 
really occurs and this hinders the further knowledge-based 
development of Mg biomaterials. The study of magnesium degradation 
in the context of the living tissues is a truly interdisciplinary and 
complex task and it is still at early stages.

From a metallurgical perspective, it is known that there are 
two main approaches to intervene on magnesium corrosion. One 
approach is Mg purification, which reduces corrosion by removing 
the impurity. However, only ultra-high purity Mg, produced with 
very expensive procedures, has a level of impurities low enough to 

Figure 11. Schematic and simplified illustration of the corrosion of Mg in bone. 



88

assure a moderate corrosion profile304. In addition, the purification 
does not give freedom in the tailoring of the material mechanical 
properties to adapt them to those needed in bone.

The introduction of alloying element is another way to mitigate 
corrosion and at the same time to modify the mechanical behaviour 
of Mg. Although, Mg is more electronegative of most of the elements 
that can be used to form alloys and, in principle, it is subject to 
galvanic corrosion when alloyed, some alloying some elements are 
successful in reducing Mg corrosion250. The reason for that is either 
that they form stable passivating films on the metal surfaces, like Al, 
which produces Al2O3

70, or that they mitigate the negative effects of 
impurities, combining with them70. 

However, the intended application in the body limits substantially 
the number of elements that can be selected to create alloys, because 
toxicity is a crucial factor. So, while Y, Nd, Gd, Ce, La, are good 
candidates as alloyants from a material perspective, it is not clear 
what is the maximum dosage per day of these element that is free 
from risks for health305. 

Another obstacle in the systematic study of Mg alloys is that every 
processing step, from casting to the production of the final device, can 
produce substantial changes to the materials. Therefore, alloys with 
the same nominal composition, but different manufacturing steps, 
can display incomparable degradation behaviour306. Microstructure, 
grain size, homogeneity, impurity content and surface finishing have 
all profound influences on material performances and, unfortunately, 
it is not yet clear how every aspect affects the material behaviour293. 

At the moment, there are no robust theoretical tools that allow 
the prediction of Mg alloys corrosion, which can be assessed only 
with experimental methods292. In vitro corrosion tests are the elective 
method. However, one obvious aspect is that the currently existing 
in vitro studies fail to reproduce the dynamic environment of the 
living tissues. 

An ideal in vitro set-up should use an electrolyte solution that 
resembles the serum and the fluids found in tissues. So it should 
contain the same salts and organic molecules, at least the most 
important ones, such as albumin, fibrinogen etc. In addition, it 
should have a buffering system; otherwise the pH would quickly go 
up for the production of OH- and at a very high pH the corrosion 
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would stop. Furthermore, it should be dynamic, to reproduce the 
flow of the fluids in tissues. 

Attempts have been made to design in vitro models that reflect as 
nearly as possible the physiological conditions of different tissues. 
However, the results from these studies are often manifolds and their 
ability to predict the corrosion rates in clinical situations is still poor 
307,308. A better standardization of protocols as well as a detailed report 
of the experimental conditions should be encouraged in future studies. 

Some reports have clearly shown that the current in vitro tests fail 
to mimic the conditions found in the living tissues and they are not 
able to predict the alloy behaviour displayed in in vivo experiments309. 

This could suggest that the only reliable results on magnesium 
degradation come from in vivo tests. However, some have noted 
that the in vivo data published so far (approximately 60 papers) 
lack sufficient standardization and the outcomes on magnesium 
degradation are manifold also in these set-ups309. It has been observed 
that the usual analytical techniques, as laboratory µCT and histology, 
present pitfalls when it comes to study the degradation of magnesium 
materials and they fail to characterize the nature and morphology of 
the degradation products of magnesium materials309. The laboratory 
µCT, for example, does not offer a high-enough resolution and it 
is difficult to distinguish on tomography slices among the alloy, 
the bone and the degradation products, which have a very similar 
absorption coefficient309. On the other hand, histology gives only a 
bi-dimensional estimation of material degradation, which is usually 
not descriptive of the three-dimensional morphology. 

To address the aim of finally bringing Mg implants as final products 
to a wide market, there is a high demand of standardizing the in vitro 
models that specifically address the biocorrosion of Mg, in ways that 
are relevant to this class of material. At the same time, it is paramount 
to shed light on the behaviour of the viable alloys candidates in well-
designed in vivo studies that use the high-resolution techniques and 
combine them in order to gain as much information as possible on 
the Mg degradation in the body305. 

Magnesium for tissue engineering scaffolds
Considering its prominent role in bone health, magnesium is an 
element of choice for tissue engineering scaffolds. 
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Bone engineering scaffolds should create an adequate environment 
for osteogenesis and characteristics, as biodegradability, osteo-
conductivity, osteoinductivity and porosisty, are considered necessary. 
Magnesium possesses all these properties and it can be produced 
in forms of porous scaffolds with different techniques310, including 
additive techniques, as selective laser sintering, with the possibility to 
tune the geometry and the pore size of the constructs311. In addition, 
metallic magnesium has an elastic modulus very similar to that of 
the bone, so it does not change the local mechanical environment in 
the area to reconstruct.

Magnesium porous scaffolds showed very good results in 
vivo310,312. Some authors reported regeneration of the bone defects 
and complete replacement of the scaffolds by new bone 3 months 
after implantation310,312. The bone architecture with defects treated 
with Mg scaffolds was even superior to that in defects augmented 
with autologous bone312. Of particular interest is the alleged osteoi-
mmunomodulatory property of scaffolds made of magnesium. They 
seem to induce a controlled activation of osteoclasts and macrophages, 
probably recruited in the area to remove the degradation products 
of magnesium, and this, in turns, determines controlled remodelling 
in the surrounding bone and a more mature bone morphology313. 
However, other authors have observed that magnesium scaffolds 
made entirely of magnesium degraded at too high a speed, due to 
the very high surface area available for degradation, and too high 
degradation was associated with local inflammation314. Better 
results were achieved by magnesium composite materials, such those 
including β-TCP in the scaffold matrix314. Those scaffolds degraded 
at a speed more compatible with bone regeneration and they even 
induced macrophages to express the M2 phenotype, which inhibits 
inflammation and produces osteogenic cues314.

Many different magnesium alloys, magnesium matrix composites 
with several materials and magnesium-coated constructs are currently 
under testing for bone engineering70.

Magnesium in cartilage, ligament and tendon repair 
Clinical experience has shown that magnesium depletion is deleterious 
for cartilage and can increase the risk for osteoarthritis315. Therefore, 
some authors focused on the effects of magnesium addition on the 
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differentiation and proliferation of cartilage-derived cells. When 
magnesium was supplemented to synovial mesenchimal stem cells, 
these cells showed an increased adhesion to extracellular matrix 
via integrin-mediate mechanisms253. The interaction of these cells 
with the matrix prompted their differentiation and the synthesis of 
cartilage matrix at early phases. Other authors studied the effects 
of different concentrations of magnesium on chondrocytes264. They 
found that chondrocytes proliferation and activation is depended on 
magnesium concentration, with a direct relation264. 

These findings led some researchers to test magnesium porous 
scaffolds as systems for tissue engineering of cartilage241. They 
found that the degradation of magnesium scaffolds did not harm the 
cartilage, but needed to be rather slow during the first 12 weeks, to 
allow cartilage regeneration.

Others have proposed Mg for the construction of biomimetic 
osteochondral scaffolds. One composite material, made of an 
assembly of Mg-HA and collagen, has been produced and is under 
clinical testing for the repair of large defects in chondral/osteochondral 
regions316.  

All these results are promising, because they suggest that magnesium-
based materials could be an option for cartilage regeneration, a field 
that is still a clinical problem, as no suitable materials currently exist 
for this purpose. 

Another possible application, where magnesium-materials could 
be highly beneficial, is that of ligament repair. Again, the influence 
of magnesium on the proliferation of fibrochrondrocytes has been 
observed and stimulated researchers to experiment magnesium-
materials for ligament reconstruction317-319.

As previously discussed, surgical reconstruction of ligaments 
consists in the grafting of autologous ligaments or tendons in the 
injured area147. Alternatively, synthetic materials can be used in both 
cases. The fibrous tissue needs to be attached to the bone segments 
and then to be integrated there to restore function147. This is achieved 
through interference screws249. The integration requires the recreation 
of the fibrocartilagineous enthesis, the area of transition between 
fibrocartilage, calcified cartilage and bone. 

Interference screws made of magnesium have remarkable 
advantages over titanium and biodegradable polymer screws. They 
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offer the mechanical properties of metal, during the initial phase of 
healing, and then they degrade319. While they degrade, they release 
proliferative cues for the cells of all 3 types of tissues involved in the 
enthesis319. 

In vivo studies displayed encouraging results. Magnesium 
interference screws were successful in the reconstruction of anterior 
cruciate ligament of rabbits. These screws induced local activation of 
growth factors, such as BMP2 and VGFE, and fibrochondrogenesis 
took place around these screws, with the recreation of transition 
areas of fibrocartilage317. 

Of significant aid in repair of tendons and ligaments are also 
magnesium-based bone cements320,321. The adhesive properties of 
these cements improve the healing and the attachment of tendons 
to bone. 

Other applications
Cardiovascular stents 
Cardiovascular stents are used to contrast the narrowing and the 
stenosis of the lumen of blood vessels induced by arteriosclerosis. 
They are tubular structures introduced in the lumen of occluded 
vessels and inflated by mean of a balloon, to produce mechanical 
widening of the vessels and re-establish blood flow. 

Cardiovascular stents are usually made of permanent metal, in 
particular titanium and stainless steel. Despite the use of these stents, a 
considerable risk (25% of cases) of re-stenosis of the vessels persists322. 
Actually, it has been suggested that the presence of permanent metals 
in the vessels for long time after the widening procedure could be one 
cause of the re-stenosis of the vessels. The metal itself could, in fact, 
irritate the vessels endothelium and produce a chronic inflammation, 
with possible thrombosis as a result.

In order to mitigate this effect, stents eluting anti-proliferative 
drugs have been proposed323.

However, a more desirable situation is that the stent disappears 
with time and biodegradable stents, made of polymers or of degrading 
metals (magnesium or iron), have been welcomed as a potential 
advancement in the field324. 

Metals are preferred in terms of mechanical properties. Iron is 
essential for metabolism and in particular for blood, therefore it 
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may be a potential candidate, but its degradation is very slow and 
its excess in the body could induce toxic effects324. Magnesium is 
tolerated in very high amount without posing problems for health 
and it corrodes faster in the biological environment324. 

The first magnesium stent was implanted in 2005 in the pulmonary 
artery of a premature baby and it was succeeded in restoring the 
circulation of the artery325. In addition, since the stent degraded, it 
did not interfere with the growing of the artery with time. A clinical 
trial was started with resorbable magnesium stents produced by 
BIOTRONIK (Berlin, Germany)324. The composition of the stents 
was 93% of Mg and 7% of RE. The trial showed that the stents 
biodegraded successfully in about 4 months and no adverse reaction 
was ever observed. However, restenosis did occur in a percentage of 
patients. 

The following generations of absorbable metal stents are under 
clinical investigation and display positive initial results326. They 
include drug-eluting systems or coatings, to minimize the re-occlusion 
of the lumen by cell proliferation. 

Nerves
One application in which magnesium could be employed is the repair 
of peripheral nerves. Peripheral nerve gaps are very difficult to treat. 
Hollow nerve conduits are used, but they are effective only in very 
short gaps, because of the impossibility of cells bridging over long 
distances327. One fascinating attempt in nerve regeneration has been 
the placement of microfilaments of magnesium aligned within the 
conduits to support the cells in the re-colonization of the conduits327. 
In addition, the release of Mg ions during the degradation of the 
filaments is beneficial for neurorecovery. 

The results from initial investigations suggest that magnesium has 
the potential to contribute to nerve repair. 

Others
Magnesium materials have been proposed for a number of other 
applications, as stents and conduits for anastomosis of organs, like the 
trachea, or wound-closure devices328-331. The Velox CD (Translumial 
Technologies LLC, Syracuse, USA) is already approved for clinical 
use and it serves for the closure of arterial wounds.  
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AIMS

The general aim of this thesis was to develop magnesium-containing 
implants for osseous applications and to test the biological effects 
that they elicited when placed in bone. 

The specific aims were: 

1. To evaluate in vivo the effects of the local administration of Mg 
ions from drug-releasing coatings on the osseous encapsulation 
of implants placed in healthy subjects (Study I, II, III); 

2.  To assess in vivo whether the release of Mg ions from titania 
coatings could increase the initial bone formation around titani-
um implants placed in osteoporotic subjects (Study IV); 

3. To investigate at high-resolution and with a multi-modal ap-
proach the in vivo degradation behaviour of 3 recently devel-
oped Mg-alloys intended for osteosynthesis devices in orthopae-
dic and cranio-maxillo-facial applications (Study V); 

4. To test in vivo the tissue response in terms of bone-implant in-
teractions of the 3 Mg-alloys in the form of screws, with a spe-
cial focus on the effects of material degradation (Study V). 

In the fields of observation, 
chance favours only the prepared minds 

Louis Pasteur (1822-1895), French microbiologist and chemist
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MATERIALS AND METHODS 

Material preparation
Magnesium-loaded mesoporous titania coatings
In Studies I, II and III, commercially available threaded titanium (Ti) 
implants (Neodent, Curitiba, Brasil), made of Ti grade IV, all coming 
from the same batch, were used as substrates for the deposition of 
mesoporous coatings of titanium dioxide (also referred to as titania 
or TiO2). The mesoporous coatings served as drug-delivery systems 
for the local release of magnesium ions (Mg2+) directly at the peri-
implant bone sites. The implants had a diameter of 3.5 mm and a 
length of 7 mm. 

In Study IV, mini-screws made of cp Ti grade IV (Neodent, Curitiba, 
Brazil), with 1.5 mm diameter and 2.5 mm length and were used as 
substrates for the same purpose. 

All screws were received from the manufacturer individually 
packed and sterile and presented originally turned surfaces. 

Cp Ti grade IV discs, (Zimmer Holdings, Warsaw, IN, USA) were 
also coated with mesoporous layers and were employed for some of 
the analytical techniques presented below.

Synthesis of mesoporous titania coatings
The mesoporous titania thin films were synthetized by evaporation 
induced self-assembly (EISA). In this method, an amphiphilic 

Measure what is measurable, 
and make measurable what is not so. 

Galileo Galilei (1564–1642), Italian astronomer
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surfactant, usually a block co-polymer, and an inorganic precursor, 
in our case titanium-based molecules, are mixed together in a liquid 
solution that it is subsequently deposited on a desired substrate. The 
mechanism through which the mesoporous structure is produced is 
that, under the conditions of the mixture, the surfactant tends to 
assemble into micelles, creating a repetitive ordered structure. The 
inorganic precursor, in turn, is attracted to deposit onto the micellar 
structures and, it condenses as a solid framework when exposed to 
high temperatures (calcination). At these temperatures, the organic 
precursor and liquid phase evaporate, leaving just the inorganic 
porous matrix.  The periodicity, the distribution and sizes of the 
pores of the solid framework can be tuned by modifying the nature 
or the ratio of the chosen components, or changing the calcination 
parameters (temperature, time, etc)332. A schematic illustration of the 
process is displayed in Figure 12.  

In our studies, Pluronic P123 (a tribloc copolymer of (ethylene 
glycol)20-(propylene glycol)70-(ethylene glycol)20) was used as a 
structure-directing agent and titanium(IV) tetraethoxide (TEOT) 

Figure 12. The illustration represents the formation mechanism of the 
templated mesoporous titania. In our case, TEOT was used as inorganic 
precursor and Pluronic P123 as amphiphilic surfactant. Inorganic-surfactant 
composites are formed by self-assembly and produce a repetitive ordered 
structure. Heat treatment (calcination) is performed to remove the surfactant 
and the liquid phase and to condense the solid framework. In our case, 
cubic mesoporous structures were produced. Figure adapted from Tolbert 
S.VII.
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was selected as an inorganic precursor. Pluronic P123 was dissolved 
in ethanol (99.5%) and it was stirred vigorously for 1 h. TEOT 
was dissolved in hydrochloric acid (HCl) in a separate vial. The 
two solutions were mixed together and stirred vigorously until a 
homogenous solution was obtained. The ratio of the components in 
the selected mixture was: P123 0.5 g, TEOT 2.1 g, HCl 1.6 g and 
ethanol 8.5 g. This recipe was selected to assure the formation of a 
cubic porous symmetry with a pore size of approximately 6 nm and 
to ensure the existence of pores facing our from the surfaces333, which 
was a necessary condition for the loading and subsequent delivery 
of Mg2+.  

One ml of solution was applied on the regular size implants and 
a smaller volume on the miniscrew. Spin-coating at 7500 rpm for 
1 minute was performed to deposit a homogenous thin film over 
the entire implant surfaces. The coated implants were kept in room 
temperature for 24 hours to complete the self-assembly process of 
the template and to consent solvent evaporation. Once dried, the thin 
films were calcinated using heat ramping with a rate of 1°C/min and 
up to 350°C and then they were kept at 350°C for 4 h in order to 
ensure complete removal of the template and to increase the cross-
linking density of the titania through condensation. An illustration 
of the coating process is given in Figure 13.

Figure 13. Illustration of the implant coating with mesoporous matrices.



98

Magnesium ions loading
Half of the amount of the coated implants was further loaded with 
Mg2+ (test group), while the rest of the implants were used with native 
mesoporous coatings (control group). For the magnesium loading, 
the implants were immersed for 1 h in a solution of magnesium 
chloride (MgCl2) at 1% and, then, they were dried overnight. 

Magnesium alloys 
In Study V, 3 Mg alloys were selected as test materials and produced 
in the form of mini-screws. Ti mini-screws with identical genometry 
were used in this study as control group. 

All the production steps of Mg screws were performed at 
Helmholz-Zentrum Geestacht Magnesium Innovation Centre (HZG-
MagIC), Germany, while the control samples, in commercially pure 
(cp) Titanium (Ti) grade IV, were produced at Elos Medtech Pinol 
A/S, Gørløse, Denmark. 

The Mg-alloys were produced by permanent mould gravity casting 
from the starting materials that were: magnesium (Mg, 99.99%, 
Xinxiang Jiuli Magnesium co. Ltd., China), yttrium (Y, 99.95%, 
Grirem Adv. Mater. Co. Ltd., China), gadolinium (Gd, 99.95%, 
Grirem Adv. Mater. Co. Ltd., China), a rare earth mixture (RE, 
Grirem Adv. Mater. Co. Ltd., China) and silver (Ag, 99.99%, ESG 
Edelmetall- Handel GmbH & Co. KG, Germany). 

Pure magnesium was melted and heated up to 720° C and the 
preheated alloying elements (Ag in Mg-2Ag, Gd in Mg-10Gd and Y 
and RE mixture in Mg-4Y-3RE case) were added with continuous 
stirring for 15 min. The melt was poured into a pre-heated (550° C) 
permanent steel mould using boron-nitride (BN) as a mould release 
agent. 

A protective atmosphere with 2 wt.% sulfur hexafluoride (SF6) in 
argon (Ar) was used to perform the casting.

After casting, the alloys were solution heat treated (T4) for 6 hours 
at 430 °C (Mg-2Ag) or 550 °C (Mg-10Gd and Mg-4Y-3RE) to refine 
the grain size as described by334

The resulting billets then underwent hot extrusion at extrusion 
parameters showed in Table 2. These parameters were selected 
specifically for each alloy from former tests.
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The extruded rods were subsequently turned, to obtain threaded mini 
screws with 2 mm outer diameter and 2 mm length (Figure 14). 
The Mg-alloy and Ti screws were singularly sealed in plastic envelopes 
and sterilized by gamma sterilization at a dose of 27kGy (performed 
at BBF, Sterilisationservice, Kersen, Germany). 

Table 2. Extrusion parameters of the Mg alloys.

Alloy Type Ratio Speed 
(mm/s)

Extrusion 
T (°C)

Billet T 
(°C)

Diameter  
final (mm)

Mg-2Ag Indirect 1:18 2 300 360 7

Mg-10Gd Indirect 1:18 3.5-4 430 430 7

Mg-4Y-3RE Indirect 1:18 3 360 430 7

Surface and material characterization
The characterization the materials and the material surfaces are of 
primary importance before the in vivo procedures. 

Optical white light interferometry
The surface topography of the Ti implants coated with mesoporous 
thin films was investigated using optical white light interferometer 
(IFM). The results were published only for Studies I and II, but 
samples from the same batch were used also in Study III.

A MicroXAM instrument (ADE Phase shift technology, Inc., 
Arizona, USA) was employed. A 50X objective, a zoom factor of 
0.625, a vertical range of measurement of 100 µm and a standard 
scanning area of 264 X 200 µm were used. The area of measurement 

Figure 14. Photograph of one of the 
Mg-alloy mini-screws. Bar: 1 mm.
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was eventually adjusted to fit the surface shape, when thread tips 
of flanks were scanned. Six implants from the control group (native 
mesoporous) and 6 implants for were measured and the sampling took 
place in random areas of 3 tops, 3 valleys and 3 flanks of each implant. 

A Gaussian filter with a size 50 X 50 µm was applied, as suggested 
in the guidelines from Wennerberg and Albrektsson335, to filter out 
the waviness and the form and obtained data on the actual roughness. 
Four parameters were chosen to describe the surface topography and 
they were: 

Sa: the arithmetical mean of the deviations from a mean surface 
throughout the sampling area; 

Sdr: the developed surface area ratio obtained if the surface would 
be completely flattened out; 

Sds: the density of summits in the sampling area. 
These parameters were calculated using Surface Scan Software 

(Somitronic Instrument, Lyon, France) or Mountain Map Software 
(Digital Surf, France), which was also used to create 3D renderings 
of the surface roughness. 

Atomic force microscopy
Atomic force microscopy (AFM) is an essential tool to measure 
surface roughness at the nanoscale, because it has a spatial and, in 
particular, a vertical resolution exceeding that of other techniques, as 
optical-based microscopy and stylus-based profilometer. 

In the current thesis, AFM was used to investigate the 
nanotopography of mesoporous-coated specimens (Study I). An 
XE-100 instrument (Park System, Suwon, Korea) was operated 
in tapping mode. The samples were scanned in air and at room 
temperature. 

Three randomly chosen regions were measured on 3 test and 3 
control specimens. Three scan areas were acquired for each region 
(10 X 10 µm2, 1 X 1 µm2 and 500 X 500 nm2). The samples-per-line 
parameter was set to 216 pixels, while the vertical resolution was 
0.18 nm.

Numerical description of the surfaces and images were prepared 
after the application of Gaussian filtering (2.5 X 2.5 µm2, 0.25 X 0.25 
µm2 and 125 X 125 nm, respectively for the 3 different scan areas) 
with the Mountain Map software (Digital Surf, France). The same 
parameters used for interferometer analysis (Sa, Sdr, Sds), were evaluated.
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Scanning electron microscopy
Scanning electron microscopy (SEM) is a type of microscopy 
technique, which uses the interaction of a focused beam of electrons 
on a sample to generate images. The electrons interact with the atoms 
of the samples and different signals are generated and detected by the 
instrument and converted in an image. 

In Studies I-IV, SEM was used to visualize the surface morphology 
of mesoporous coatings, either native or loaded with Mg2+. A Leo 
Ultra55 FEG Instrument (Zeiss, Oberkochen, Germany) was used 
with an accelerating voltage of 5 kV. An in-lens secondary electron 
detector was utilized for image acquisition. Micrographs were taken 
at different areas of the implant surfaces, randomly chosen among 
top, valleys and flanks, and the coating thickness was assessed in a 
scratched area. Different magnifications were applied (ranging from 
70X to 200,000 X) to visualize the implant surfaces. 

Energy dispersive X-ray spectroscopy
Energy-dispersive X-ray spectroscopy (EDX) is an analytical 
technique used to analyse the elemental composition of a sample. It 
relays on the principle that a high-energy beam hitting an atom, it 
may excite an electron in the atom and eject it from the atom. The 
electron hole is then filled by another electron from a higher-energy 
shell and X-rays are emitted in the process. The detector measures 
the energy and the number of the X-rays, which are specific for each 
element. 

A chemical analysis of the surface composition of the mesoporous 
thin films, either loaded with Mg2+ or not loaded was performed with 
EDX, with the same instrument used for SEM. 

The acceleration voltage of the electron beam was set to 12 kV and 
it randomly selected areas of the sample surfaces were scanned. The 
emitted spectra was detected and analyzed by the Oxford Inca EDS 
system (Oxford, Inc., Oxfordshire, United Kingdom). 

Inductively coupled plasma optical emission spectroscopy
The chemical composition and impurity content of the Mg alloys in 
the shape of screws used in Study V were determined by inductively 
coupled plasma optical emission spectroscopy (ICP-OES, Varian 720 
ES apparatus). For this analysis, 3 samples per type of material were 
used and they were dissolved in nitric acid (70%, Sigma-Aldrich). 
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Microstructure analysis and density
The Mg screws of Study V were analysed also in terms of their 
microstructure and their density. 

For the microstructure analysis, the samples were cut in half 
and the exposed surface was ground with SiC sandpaper (Matador 
991A, Remscheid, Germany) from 1000 grits to 4000 grits, and 
then polished with diamond suspension with 3-µm grains (Kemet, 
Maidstone, England). Then samples were etched in picric acid 
solution (6g of picric acid, 5mL of acetic acid, 10 mL of H2O and 
100 mL of ethanol) for 2 s in the case of Mg-10Gd and Mg-4Y-3RE 
and quicker in the case of Mg-2Ag (less than 1 s). 

The grain size was determined by optical microscopy and the linear 
intercept method was applied using ImageJ software (version 1.47v, 
Wayne Rasband). 

To complete the microstructural analysis, SEM images in back-
scattered electron (BSE) mode of the prepared specimens were 
also produced at different magnification. EDX point analysis was 
performed subsequently, to identify the chemical composition of 
different areas of the specimens.  
The density has been measured in g/cm3 with Archimede’s method 
comparing the mass of the samples in air and in ethanol.

Micro-computed tomography of non-implanted screws
In study V, 3 screws per type of material were scanned prior 
implantation with laboratory micro computed tomograph (Nanotom 
S, General Electrics, Connecticut, US) at an energy of 80 KV and with 
an effective voxel size of 1.85 µm. 

The volume and the surface area of the screws before implantation 
was calculated on reconstructed images and the average values were 
used for calculations of the degradation rates after the time in bone. 

Material degradation in immersion test
The degradation rate of the Mg alloys screws used in study V was 
analysed by in vitro immersion test and weight loss method before 
implantation into animals. 

Five screws per material were used for the test and their initial 
weight was recorded. The screws were immersed in separate wells 
with 2 ml of Dulbecco´s Modified Eagle´s Medium (DMEM) 
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supplemented with 10% of Foetal Bovine Serum (FBS) for 168 h 
(7 days) under cell culture conditions (37° C, 20% O2, 5% CO2, 
95% rH). The pH of the medium was 8 and the osmolality of the 
immersion solution was 0.328 at the beginning of the experiment. 
The medium was changed every 2-3 days to avoid saturation effects. 

After 168 h of immersion (7 days), the screws were collected and 
chromic acid treatment was performed (180g/l in distilled H2O, VWR 
International, Darmstadt, Germany) for 20 min at room temperature 
to remove the corrosion products. 

The in vitro degradation rate was calculated in mm/year with the 
equation: 

DR=8.76 * 104 Δg/A * t * ρ, 
where Δg is the difference in grams of the weight before and after 

the immersion, A is the surface area of the screws in cm2, t is the 
immersion time in hours and ρ is the density of the samples in g/cm3.

Experimental animal models
Ethical approvals
Animal models were performed to evaluate the bone responses to 
different types of magnesium-containing implants. Three studies 
(Studies I-III) were performed in New Zealand White rabbits and 
tested implants were comparable in geometry and size to those that 
can be used in humans. Two studies (Studies IV and V), employed 
rats as animal model and, in particular, rats of the Sprague-Dawley® 
strain. In rats, mini-screws were tested. 

All animal surgeries were performed at the Center of Biomedical 
Research of the École nationale vétérinaire d’Alfort, Alfort, Paris, 
France, and received ethical approval from the National Committee of 
Ethical Reflection on the Animal Experimentation (Comité National 
de Réflexion Ethique sur l’Expérimentation Animale) and from the 
French Ministry of Higher Education and Research (Ministère de 
l´Enseignement Supériur et de la Recherche) with dossier number: 
13-011 and 00391.01.

The animal experiments were carried out in respect of animal ethics, 
as stated in the European Directive 2010/63/EEU of 22.09.2010, 
the legislative document on the protection of the animals used for 
scientific purposes. 
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All the possible measurements to limit animal pain and discomfort 
were applied during the whole duration of the animal experiments. 

Additionally, the preparation of the manuscripts were performed 
following the ARRIVE (Animal Research: Reporting In Vivo 
Experiments) Guidelines336. 

Rat ovariectomy 
The osteoporosis-like conditions were induced in 6-month old female 
rats through ovariectomy and low calcium diet. 

For the overiectomy, the rats were anesthetised through inhalation 
of isoflurane 1% dissolved in O2. 

The skin of the abdomen was shaved and then a longitudinal flap 
was prepared, throughout the skin and the abdominal muscles, to 
access the peritoneal cavity. The ovaries were identified and exported. 
The distal part of the uterine tubes was sutured with Vicryl 4.0. 
Finally the flap was repositioned and the abdomen was sutured with 
Vicryl 4.0. 

Antibiotics and analgesics were administrated after the surgery. 
Throughout the experimental period, from the time of the 

ovariectomy until euthanasia, the rats were fed with a low-calcium 
diet (0.1-0.2% calcium), in order to assure the onset of osteoporosis337. 

Implant installation
Anaesthesia 
All the surgical procedures where conducted with the animal under 
general anaesthesia. 

In Studies I, II and III, general anaesthesia of the rabbits was 
induced by intramuscular injection of a cocktail of drugs: 250 µm/kg 
of medetomidine (Domitor, Zoetis, France) + 20 mg/kg de ketamine 
(Imalgène 1000, Merial, Sanofi, France) + 1 mg/kg of diazepam 
(Valium, Roche, France). That was followed by the intramuscolar 
injection of 0.2 mg/kg of méloxicam (Metacam, Boehringer Ingelheim 
Vetmedica, Inc., United States) and the subcutaneous injection of 30 
µg/kg of buprénorphine (Buprécare, Animalcare, UK) as analgesic 
therapy. 

In Studies IV and V the rats were anesthetized with an intra-
peritoneal injection of a cocktail of ketamine 100 mg/kg (Imalgène 
1000, Merial, Sanofi, France) and xylazine 4 mg/kg (Rompun 
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2%, Bayer Animal Health, Germany). As a supportive analgesic 
therapy, meloxicam 1mg/kg and buprenorphine, 30-50µg/kg, were 
administrated via sub-cutaneous injection. 

During the surgeries, the animals in all studies were kept in 
spontaneous ventilation of air supplemented with oxygen (O2). 
Perfusion with NaCl 0.9% via venous administration was performed 
if needed. 

Surgical procedures
The surgical procedures were similar in all the 5 studies. They 
began with shaving of the posterior hind limbs of the animals and 
disinfection with povidone-iodine solution. 

Skin was incised and then muscles were dissected to expose the 
medial tibial plate. In Studies IV and V, implants were installed also 
in the femurs and in this case the full thickness flap was extended to 
expose also the distal region of the femur. 

Osteotomies were prepared with a sequence of cylindrical drills (Ø 
1.6, 2, 2.8, 3.15 mm for the rabbits and Ø 1.6, 2 mm for the rats) 
operated under constant irrigation with sterile saline. Countersinking 
and tapping were performed before the insertion of the implants. 

In Studies I, II and III, two implants were placed in each tibia and 
control and test samples were randomly allocated on the left or right 
sides, but test and control samples were never mixed on one same 
side, to avoid influence form the neighbour implant. In Study IV, 1 
implant per side was inserted in the tibia and 1 implant per side in the 
femur, randomly allocated. In Study V, 4 mini-screws were allocated 
in the tibiae and 4 in the femurs, randomly allocated in such a way 
that each animal received all sample types. 

The tissues were sutured with resorbable Vicryl (3.0).

Post-operative care
Post-operatively, the rabbits were housed in separate cages, allowed 
to move freely and to eat ad libitum. In the case of rats, 2 or 3 
animals shared the same cages, to consent social interaction, which 
is important for the wellbeing of the individual of this species. 

Antibiotic and analgesic therapies were supplied to the animals up 
to 5 days post-surgery.
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Euthanasia
The animals were euthanasised with an overdose of sodium 

pentobarbital (Euthasol, Virbac, Fort Worth, USA).
In Studies I and II the animals were euthanized 3 weeks after 

implantation (10 animals).
In Study III the animals were sacrificed 6 weeks after implantation 

(10 animals). 
In Study IV the rats were euthanized 1, 2 and 7 days (8 rats per 

healing time).  
In Study V the rats were euthanized 4 and 12 weeks after 

implantation (10 animals per healing time).

Explant preparation
Explant preparation for non-decalcified histology
In Studies I-IV, after animal euthanasia, the tibiae were harvested 
in toto and fixed in 70% ethanol. In the lab, the soft tissue were 
carefully dissected and removed and bone blocks containing the 
implants were prepared by cutting. 

The samples were further fixed in 70% ethanol for 1 day under 
vacuum.

In Study V, the implants with surrounding bone were explanted 
with cylindrical trephine burs of 3.4 mm of diameter. A small sample 
size was needed to obtain high spatial resolution in synchrotron 
radiation based micro-computed tomography (SRµCT). 

Since they contained degradable Mg alloys, it was necessary to 
prepare and preserve the samples, while at the same time halting the 
implant degradation, which could still occur in the explanted tissues 
and in presence of aqueous based fixative solutions. Therefore the 
samples were transported to the lab in 70% ethanol and then frozen 
at -80°C, a condition in which the electrochemical reactions are nearly 
absent. However, due to the long scanning time at the synchrotron, 
it was technically complex to maintain the samples frozen at -80°C 
during the whole scan. Therefore, the samples were dried with critical 
point drying, before the scanning at the synchrotron. This technique 
is commonly used to prepare cells cultures prior to Scanning Electron 
Microscope examination and it has been described to remove all the 
water from the cells, while preserving very well the cell morphology 338. 

The method is based on the property of CO2, which, at a certain 
temperature and pressure, passes from the liquid phase to the gaseous 
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state with zero surface tension. Thus, medium evaporates from the 
samples without causing damages to the tissue structures. 

For the infiltration of samples in liquid CO2, dehydration in 
ascending concentrations of 2-Propanol (Sigma-Aldrich Chemie 
GmbH, Munich, Germany) was performed for 24 h. Then, the samples 
were then transferred into a sample holder that fitted the Critical 
Point Dryer Device, (Leica EM CPD300, Leica Mikrosysteme Vertrieb 
GmbH, Wetzlar, Germany) and the 2-Propanol was exchanged with 
liquid CO2. The machine was operated and temperature and pressure 
were adjusted, until all the CO2 evaporated (40°C and 75.5 bar). 
As a result, completely dry samples, unaltered in morphology, were 
obtained.

Explant preparation for gene expression analysis
Peri-implant specimens were harvested for the gene expression analysis 
in Studies II-IV. The implants were unscrewed and either collected 
alone, in order to investigate the gene expression in the cells directly 
adherent to their surfaces, or with a larger amount of the peri-implant 
tissue, harvested with a trephine bur. In both case, samples were 
preserved in RNAlater® buffer (LifeTechnologies, Thermo Fisher 
Scientific, Waltham, USA), which avoid RNA degradation during 
transportation and storage, which otherwise occurs very rapidly in 
fresh samples. The preserved samples were stored at +4°C overnight 
and then at -80°C until further processing.

Ex vivo analyses
Biomechanical analyses of bone-implant interfaces
Biomechanical analysis by means of removal torque test (RTQ) is a 
technique to study the strength of the interface created between the 
bone and the implants, by measuring the moment of force needed 
to loosen the implants from the bone. It was performed in Studies I 
and III. 

In brief, immediately after the sacrifice, the skin and the soft tissues 
were carefully removed to gain access to the implants. A calibrate 
manual torque wrench (Tohnichi, Tokyo, Japan) was connected with 
the implants and a rotational force was slowly increased until the 
interface between the implants and the bone failed. The instrument 
recorded, in Ncm, the highest resistance to the rotational force 
reached by each samples. 
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Gene expression analyses
The expression of genes is a complex process in which cells transform 
the information stored in their DNA in functional proteins, which 
are responsible for the prompt response and adaptation of cells to 
internal and external stimuli. The activation of certain genes can be 
considered a macromolecular signature that consents to distinguish 
different cell types, since the proteins that the cell is going to produce 
determine in general a specific phenotype.

In this thesis, the expression of several genes related to the processes 
of osteogenesis, osteoclastogenesis and inflammation in the bone 
around the various materials was investigated by quantitative real 
time polymerase chain reaction (qPCR). The results were interpreted 
as measure of the healing state and of the functional activation of 
cells in the peri-implant bone, in relation to the different materials 
and to the presence of Mg.

RNA extraction
Since the very initial step of gene expression process is in general 
the transcription of DNA into messenger RNA (mRNA), which will 
then been translated into proteins, the quantification of the mRNA 
levels is consider a reliable way to infer the gene-expression levels in 
tissues or cells. 

The mRNA quantification requires the disruption of the cells 
where this macromolecule is contained, and the purification of it 
from the other cellular products, while preserving its integrity.

In this thesis, different chemical and physical methods were used 
for the extraction and purification of total RNA from the samples. 

In Studies II and V, a guanidinium thiocyanate-phenol-chloroform 
and binding spin columns extraction protocol was used. 

In Study II, the TRIzol® reagent (Invitrogen, Thermo Fisher Scientific, 
USA) was used for the extraction of RNA/DNA. 1 ml of TRIzol® was 
added to samples and they were disrupted and homogenized with 
ultrasonic processor (Sonoplus, Bandelin, Germany). Chloroform was 
added to the homogenized samples and then RNA was extracted using 
the HiBind RNA Kit (EZNA RNA solutions, VWR International, 
USA) following manufacturer´s instructions. 

In Study V a similar protocol was used, but in that case PUREzol® 
reagent (BioRad, Usa) and Aurum Total RNA Fatty and Fibrous 
tissue (BioRad, Usa) were used. 
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In Study III, an automatized extraction equipment, which exploits 
a magnetic particles-based methodology, was employed (Maxwell® 
16, Promega, Usa) with the Maxwell® 16 LEV simplyRNA tissue kit 
(Promega, USA). The disruption and homogenization step was the 
same as in the previous protocols, a part for the reagents used that 
were those proprietary of Promega. 

In Study IV the RNA purification method involved the use 
of ß-Mercaptoethanol RLT buffer, for tissues lysis and proteins 
denaturation. Total RNA was recovered in spin columns and with 
the RNeasy Micro kit (Qiagen, Thermo Fisher Scientific, USA).   

In all the different protocols, the treatment with DNAse was 
performed on the samples, to remove the genomic DNA.

The RNA collected with the different method was eluted with 
nuclease-free water or with specifically dedicated reagents included 
in the kits and it was quantified with NanoDrop ND-1000 
spectrophotometer (ThermoScientific, NanoDrop Technologies, 
USA) at an optical density of 260 nm. 

cDNA synthesis
Due to the instability of single stranded RNA, it is common to reverse 
transcribe it into complementary double stranded DNA (cDNA), 
using a reverse transcription enzyme.

For this purpose, the High Capacity cDNA Reverse Transcription 
Kit (Invitrogen, Thermo Fisher Scientific, USA) was used in Studies 
II and III, the RT2 First Strand Kit (SABiosciences, Thermo Fisher 
Scientific, USA) was used in Study IV and the iScript kit (BioRad, 
USA) was used in Study V.

Real-time polymerase chain reaction (qPCR or RT-PCR)
Polymerase chain reaction (PCR) is a common and often indispensable 
technique in molecular biology that relies on the amplification of 
fragments of DNA using complementary primers, designed to match 
the sequence to amplify in the 3´-5´direction339. 

The basic protocol consists in the thermo-cycling of the PCR-
mixture, which contains a thermally stable DNA polymerase,  
a reaction buffer rich in deoxynucleotide triphosphate (dNTPs), a 
forward and reverse primer of the sequence to amplify and the gene 
transcript (in the form of cDNA, for the abovementioned reasons) to 
amplify. The incubation of the mixture at 3 different temperatures, 
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repeated for many cycles, consents a chain of denaturation of the 
double stranded DNA into single strand molecules, followed by the 
annealing of the primers onto a specific target sequences of the single 
stranded DNA and the subsequent polymerisation of nucleotides, 
using the target sequence as a template. The results at the end of 
the process are thousand of millions of copies of the target sequence 
(Figure 15). 

A more advance variation of the protocol is the real-time PCR, also 
denoted as quantitative PCR (qPCR), in which the amplification and 
the simultaneous quantification of the gene transcript are enabled340. 
In brief, in this technology, fluorescent dyes that can either bind non-
specifically to double-stranded DNA or that are included into probes 
that can specifically bind to a certain DNA sequences, are included 
in the mixture. At each cycle, the machine reads the intensity of 
fluorescence emitted by the mixture, which is directly related to the 
concentration of the desired double-stranded amplicon products. 
The fluorescence emitted above a certain threshold is plotted against 
the cycle at which this threshold was reached and this value, called 
threshold cycle (Cq) is used for the calculation of the concentration 
of the target sequence at the beginning of the process. 

If standard curves are applied and the amplification efficiency is the 
same for all samples, it is possible to obtain an absolute quantification 
of how many transcripts of a certain genes were present in a sample. 

Figure 15. Illustration of the amplification steps of the PCR. 
(This image was created by Enzoclop and it is licensed under the Creative 
Commons Attribution-Share Alike 3.0 Unported).
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However, in most cases, what is calculated is a relative concentration 
of the target sequences (in turn, the gene transcript) in a sample, 
normalized against the concentration of the transcripts of reference 
genes, whose expression is considered to be relatively stable for the 
type of tissue or cells. It is advisable to use more than 1 reference 
gene and to assess the suitability of the genes selected as reference 
in the investigated samples, applying a mathematical algorithm, as 
GeNorm341,342.  

In this thesis, in Studies II, III and IV, qPCR using SYBR® green-
based reagents, was used to investigate the effects of Mg ions release 
from mesoporous surfaces on the expression of selected genes in 
the peri-implant bone. In Studies II and III, the expression of ALPL, 
BGLAP (OC), COL1A1, RUNX-2, ACP5 (TRAP), CALCR, ITGB, 
IGF-1, SPP-1 (OPN) ATP2A1, IL-6, IL-10 and TNF was investigated 
and it was normalized against the expression GAPDH, ACTB and 
LDHA (in Study II, only GAPDH was used). The primers were 
designed either with the Beacon Designer software (Premier Biosoft, 
Usa) or the web-based software Primer 3. The primers were designed 
to be compatible with the SYBR® green chemistry and to have an 
annealing temperature about 60°C. Amplicon size was always below 
250 bp, while the primer size was 18-24 bp. Designing parameters 
were adjusted to minimize the formation of artefacts (such as high GC 
content etc.) and to not span an intron. The primers were validated 
by thermal gradient and their efficiency was obtained by standard 
curves. Only primers with efficiency between 90-110% were used. 

The samples were run in technical duplicates, different kinds of 
controls were inserted to verify the results, according the MIQE 
guidelines343, and melting curves were always recorded, to assess for 
products specificity.

In Study IV, the expression of 84 genes related to osteogenic 
differentiation in rats and 84 genes related to the osteoporosis was 
investigated, using catalogued pathway-focused arrays from Qiagen 
(RT2 Profiler PCR array for Rat Osteogenesis, catalogue number 
PARN-026Z, and for Rat Ostheoporosis, catologue number PARN-
170Z, Sabioscience, ThermoFisher Scientific, Usa). Five genes in the 
arrays were used for the normalization. The list of the genes included 
in the array is given in Table 3.
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Table 3. List of the genes included in the RT2 Profiler PCR array for Rat 
Osteogenesis, catalogue number PARN-026Z, Sabioscience, ThermoFisher 
Scientific, Usa. 

Gene description Symbol Reference  
sequence

Gname

Activin A receptor, type I Acvr1 NM_024486 -

Alpha-2-HS-glycoprotein Ahsg NM_012898 Aa2-066/pp63

Alkaline phosphatase, 
liver/bone/kidney

Alpl NM_013059 Akp2/PHOA

Annexin A5 Anxa5 NM_013132 Anx5/LC5

Bone gamma-carboxy-
glutamate (gla) protein

Bglap NM_013414 Bglap2/Bgp/
Bgpr/Bgpra

Biglycan Bgn NM_017087 BSPG1

Bone morphogenetic 
protein 1

Bmp1 NM_031323 -

Bone morphogenetic 
protein 2

Bmp2 NM_017178 -

Bone morphogenetic 
protein 3

Bmp3 NM_017105 PBMP3

Bone morphogenetic 
protein 4

Bmp4 NM_012827 BOMPR4A

Bone morphogenetic 
protein 5

Bmp5 NM_001108168 -

Bone morphogenetic 
protein 6

Bmp6 NM_013107 VGR

Bone morphogenetic 
protein 7

Bmp7 NM_001191856 BMP-7

Bone morphogenetic  
protein receptor, type IA

Bmpr1a NM_030849 -

Bone morphogenetic  
protein receptor, type IB

Bmpr1b NM_001024259 CFK-43a

Bone morphogenetic 
protein receptor, type II 
(serine/threonine kinase)

Bmpr2 NM_080407 Bmpr-II

CD36 molecule (thrombo-
spondin receptor)

Cd36 NM_031561 Fat

Cadherin 11 Cdh11 NM_053392 -

Chordin Chrd NM_057134 -

Collagen, type X, alpha 1 Col10a1 XM_001053056 -
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Collagen, type XIV,  
alpha 1

Col14a1 NM_001130548 -

Collagen, type I, alpha 1 Col1a1 NM_053304 COLIA1

Collagen, type I, alpha 2 Col1a2 NM_053356 -

Collagen, type II, alpha 1 Col2a1 NM_012929 CG2A1A/
COLLII

Collagen, type III,  
alpha 1

Col3a1 NM_032085 -

Collagen, type IV,  
alpha 1

Col4a1 NM_001135009 -

Collagen, type V, alpha 1 Col5a1 NM_134452 -

Collagen, type VI,  
alpha 1

Col6a1 XM_215375 RGD1565398

Cartilage oligomeric 
matrix protein

Comp NM_012834 -

Colony stimulating factor 
1 (macrophage)

Csf1 NM_023981 -

Colony stimulating factor 
2 (granulocyte-macrop-
hage)

Csf2 NM_053852 Gm-csf/Gmcsf

Colony stimulating factor 
3 (granulocyte)

Csf3 NM_017104 Gcsf

Cathepsin K Ctsk NM_031560 -

Distal-less homeobox 5 Dlx5 NM_012943 RDLX

Epidermal growth factor Egf NM_012842 -

Fibroblast growth factor 1 Fgf1 NM_012846 FGF-1/HBGF-
1/HBGF1

Fibroblast growth factor 2 Fgf2 NM_019305 Fgf-2/bFGF

Fibroblast growth factor 
receptor 1

Fgfr1 NM_024146 -

Fibroblast growth factor 
receptor 2

Fgfr2 NM_001109892 -

Fms-related tyrosine 
kinase 1

Flt1 NM_019306 VEGFR-1

Fibronectin 1 Fn1 NM_019143 FIBNEC/fn-1

Growth differentiation 
factor 10

Gdf10 NM_024375 -

GLI family zinc finger 1 Gli1 NM_001191910 Gli
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Intercellular adhesion 
molecule 1

Icam1 NM_012967 CD54/ICAM

Insulin-like growth factor 1 Igf1 NM_178866 -

Insulin-like growth factor 1 
receptor

Igf1r NM_052807 IGFIRC/JTK13

Indian hedgehog Ihh NM_053384 -

Integrin, alpha 2 Itga2 XM_345156 CD49B

Integrin, alpha 3 Itga3 NM_001108292 -

Integrin, alpha M Itgam NM_012711 Cd11b

Integrin, alpha V Itgav NM_001106549 Cd51

Integrin, beta 1 Itgb1 NM_017022 -

Matrix metallopeptidase 
10

Mmp10 NM_133514 -

Matrix metallopeptidase 2 Mmp2 NM_031054 -

Matrix metallopeptidase 8 Mmp8 NM_022221 -

Matrix metallopeptidase 9 Mmp9 NM_031055 -

Nuclear factor of kappa 
light polypeptide gene 
enhancer in B-cells 1

Nfkb1 NM_001276711 EBP-1/NF-kB

Noggin Nog NM_012990 -

Platelet-derived growth 
factor alpha polypeptide

Pdgfa NM_012801 PDGFACP

Phosphate regulating 
endopeptidase homolog, 
X-linked

Phex NM_013004 PEX

Runt-related transcription 
factor 2

Runx2 NM_053470 Cbfa1/OSF-2

Serine (or cysteine) pep-
tidase inhibitor, clade H, 
member 1

Serpinh1 NM_017173 Cbp2/Serpinh2

SMAD family member 1 Smad1 NM_013130 Madh1

SMAD family member 2 Smad2 NM_019191 Madh2

SMAD family member 3 Smad3 NM_013095 Madh3/Smad 
3/mad3

SMAD family member 4 Smad4 NM_019275 Madh4

SMAD family member 5 Smad5 NM_021692 Madh5

Sclerosteosis Sost NM_030584 -
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SRY-box containing gene 
9

Sox9 XM_001081628 -

Sp7 transcription factor Sp7 NM_181374 Osx

Secreted phosphoprotein 
1

Spp1 NM_012881 OSP

Transforming growth 
factor, beta 1

Tgfb1 NM_021578 Tgfb

Transforming growth 
factor, beta 2

Tgfb2 NM_031131 TGF-B2

Transforming growth 
factor, beta 3

Tgfb3 NM_013174 TGF-B3

Transforming growth 
factor, beta receptor 1

Tgfbr1 NM_012775 Alk5/Skr4/ 
Tgfr-1/tbetaR-I

Transforming growth 
factor, beta receptor II

Tgfbr2 NM_031132 TGF-beta 2/
Tgfbr2T

Transforming growth 
factor, beta receptor III

Tgfbr3 NM_017256 betaglycan

Tumor necrosis factor 
(TNF superfamily, member 
2)

Tnf NM_012675 RATTNF/ 
TNF-alpha/Tnfa

Tumor necrosis factor 
(ligand) superfamily,  
member 11

Tnfsf11 NM_057149 RANKL

Twist homolog 1  
(Drosophila)

Twist1 NM_053530 Twist

Vascular cell adhesion 
molecule 1

Vcam1 NM_012889 VCAM1B

Vitamin D (1,25- dihy-
droxyvitamin D3) receptor

Vdr NM_017058 Nr1i1

Vascular endothelial 
growth factor A

Vegfa NM_031836 VEGF-A/
VEGF164/

VPF/Vegf

Vascular endothelial 
growth factor B

Vegfb NM_053549 -

Actin, beta Actb NM_031144 Actx

Beta-2 microglobulin B2m NM_012512 -

Hypoxanthine phosphori-
bosyltransferase 1

Hprt1 NM_012583 Hgprtase/Hprt

Lactate dehydrogenase A Ldha NM_017025 Ldh1
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Ribosomal protein, large, 
P1

Rplp1 NM_001007604 -

Rat Genomic DNA  
Contamination

RGDC U26919 RGDC

Reverse Transcription 
Control

RTC SA_00104 RTC

Reverse Transcription 
Control

RTC SA_00104 RTC

Reverse Transcription 
Control

RTC SA_00104 RTC

Positive PCR Control PPC SA_00103 PPC

Positive PCR Control PPC SA_00103 PPC

Positive PCR Control PPC SA_00103 PPC

In Study V, qPCR was applied to assess the peri-implant tissue 
response to the Mg alloy, in comparison to the response to Ti. The 
expression of 84 genes related to osteogenic differentiation contained 
in the RT2 Profiler PCR array for Rat Osteogenesis (Sabioscience, 
ThermoFisher Scientific, Usa) was investigated, using 5 reference 
genes for the normalization. The same arrays using in Study IV 
were used. In addition, 5 extra genes, ACP5 (TRAP), IL6, IL10, 
TNF and TNFSF11, was also investigated and normalized against 
the expression of 3 reference genes (ACTB, GAPDH, LDHA). The 
primers for rats were designed and validated in the same as those for 
rabbits, mentioned above.

Thermocycling and plate reading was operated on either a 
StepOnePlus™ device (Applied Biosystems, Thermo Fisher Scientific, 
USA) or a CFX Connect device (BioRad, Usa). The GeNorm algorith 
was used to determine the suitability of the reference genes in Studies 
III-V. 

In all studies, the gene expression was estimated using the ΔΔCq 
method344,345 and either the Excel Software (Microsoft, Usa - Study 
II) or the CFX Manager software (BioRad, Usa – Studies III-V) was 
used for the mathematical calculations. 

Non-decalcified tissue histology and histomorphometry
Non-decalcified histology of the bone-implant samples was performed 
in all the studies included in the thesis to investigate the structure and 
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the morphology of the peri-implant tissues and comparisons were 
made among different materials.

This technique involves the embedding of fixed specimens in hard 
plastic resin, without prior decalcification of the samples or removal 
of the metal implants, and the cutting of thin sections, which can be 
observed at light microscope. Histology provides high resolution and 
coloured 2D images of tissues and the surrounding implants. Tissues 
and cells can be identified on the basis of the affinity to the dye used 
for staining.  

After tissue fixation in 70% ethanol, the samples were dehydrated 
in ascending ethanol concentration (Study I-IV) until a concentration 
of 100% was reached, under vacuum. The samples of Study V, which 
were dehydrated with critical point drying, were incubated in 100% 
ethanol for 1 week, prior to resin infiltration. A methyl-methacrylate 
based resin (Technovit 7200, VLC; Hereaeus Kulzer, Germany) was 
used for sample infiltration. Afterwards, the samples were photo-
polymerized and hard blocks were obtained. 

Thin sections of approximately 40 µm thickness, parallel to 
the longitudinal axis of the implants, were obtained following the 
cutting-grinding protocol previously described by Donath346 using an 
Exakt system (Exakt Apparatebau, Nordertedt, Germany).

The samples were stained in Toluidine blue- Pironin G dye 
(Histolab, Sweden) and were imaged at an optical light microscope 
(Eclipse ME600; Nikon, Japan) using a digital camera (DS-Ri2, 
Nikon, Japan) and the NiS Elements software (Nikon, Japan)

The following histomorphometrical parameters were calculated with 
Image J: 

1. Bone-to-Implant contact (BIC%): the percentage of implant 
surface in direct contact with the bone (Studies I, II, III and 
V); it was investigated on images either in the 3 most coronal 
threads (Study I, II), due to the thickness of the rabbit bone in 
the tibia, or in the total implants surface (Studies III and V); 

2. Bone Area (BA%): the amount of bone that filled the area 
inside the threads over the total area inside the threads; its was 
investigated on images at either only in the 3 most coronal 
threads (Study I, II), due to the thickness of the rabbit bone in 
the tibia, or in the total implants surface (Studies III and V);



118

3. Threads filled with new bone; 

4. New bone area (NBA%): it was investigated in Studies III 
and IV; in Study III it is the amount of bone area that was 
occupied by new bone was calculated over the total bone 
area inside the threads; in Study IV it was the area occupied 
by new bone over a region of interest (ROI) around the 
implants; new bone was distinguished from old bone by 
the intensity of toluidine blue staining and the dimension of 
osteocyte lacunae;

5. Osteocytes density (n/mm2): the number of osteocytes in the 
bone of each thread over the area of the bone within the 
threads. 

Synchrotron-radiation based diffraction-enhanced imaging
Synchrotron radiation is an electromagnetic radiation produced by 
the acceleration of electrons through a magnetic field and it can be 
used for the study of matter.

X-ray diffraction enhanced imaging (DEI) using synchrotron 
radiation and in-line phase-contrast imaging was performed in Study 
II on 4 histological 100-µm thick sections prepared with the protocol 
illustrated previously. 

DEI technique was introduced to explore biological samples in 
1995347. The images, which are produced, unify the information 
obtained from X-ray absorption and ultra-small angle X-ray 
scattering (USAXS), both phenomena that occur when the beam pass 
through a sample. In conventional radiography, X-rays scattering is 
usually considered a problem that causes decrease in image clarity. 
However, in the case of DEI, a perfect silicon crystal, which has a 
known reflectivity profile at a given energy and crystal reflection, is 
placed between the samples and the detector. The beam that exits 
the sample passes through this crystal and then reaches the detector. 
The difference in the reflectivity profile of the crystal caused by the 
scattering in the samples can then be deconvoluted348. In this way, 
the scattered X-rays can be identified and their intensity can be 
calculated, therefore they become a precious source of information 
on the studied objects, instead of causing just noise in the images. 

For example, one advantage of DEI is to produce edge enhancement 
in the images, without computer processing. Edge enhancement means 
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that the boundaries between areas at different density within a sample 
are made visible in the images, even if the difference is very small. 
This feature can be helpful for the study of samples where different 
materials coexist, but their contrast, with conventional radiology, 
does allow the exact distinction among them. This is exactly the case 
of bone-implant samples, where matured and woven bone, as well 
as soft tissues, are blended, but their identification on the basis of 
their contrast with conventional absorption images is difficult 349-351. 

In the current thesis, DEI was employed to obtain a deeper insight 
on the mineralization stages of the bone around the implants and to 
infer if a difference could be attributed to the presence of Mg ions 
in the coatings. 

DEI was performed at SAGA Light source (SAGA-LS) in Tosu, 
Japan, on beam line 07. Monochromatic and collimated X-ray beam, 
with photon energy of 24.7 KeV, was used. A cadmium tungstate 
scintillator served to convert the X-rays transmitted through the 
samples and the analyser crystal into visible light with and the 
resulting images were captured using a Charged-Coupled Device 
(CCD) camera with 4872 x 3248 pixels (Figure 16). 

The obtained images were evaluated with Image J software (NIH, 
USA) and were compared with the histological pictures. 

Synchrotron-radiation based micro-computed tomography
Micro-computed tomography (µCT) is an imaging method that 
uses X-ray radiations to visualize the interior of an object without 
destructing it. The X-rays penetrate a sample and project the 
information on a detector, producing a cross-section (tomogram or 

Figure 16. Diffraction 
enhanced imaging 
experimental set-up  
at the beamline 07  
of SAGA light source.
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virtual slice) of the sample. The same procedure is repeated from 
many different angles across the samples and the virtual slices are 
computationally combined together, so a virtual 3D model of the 
sample is created and can be explored. 

The principle on which the images are generated is that of 
standard radiography: X-rays passing through an object can be 
photoelectrically absorbed. The level of absorption depends on the 
density (electron density) and thickness of a sample. The portion of 
the X-rays beam that is not absorbed is collect by a detector, which 
generates a contrast image.

Micro-CT can be performed with laboratory sources of X-rays 
or with synchrotron radiations. Synchrotron-radiation based 
tomography (SRµCT) has several advantages over laboratory X-rays. 

The first advantage with synchrotron radiation (SR) it the possibility 
to resolve and visualize different components within a sample even 
when they have very similar adsorption coefficients, a property also 
denoted as high contrast-to-noise ratio. The key for this outcome is 
the monochromatic beam produced by the synchrotron source352. A 
monochromatic beam contains X-rays of a single wavelength, while 
polychromatic beams, usually generated by laboratory or clinical 
sources of X-ray, contain a wide range of wavelengths, from “soft” 
(low energy) to “hard” X-rays (high energy), which produce noise 
in the images. 

The second advantage of the SR is that, thanks to the beam high 
collimation, it can create pictures at very high spatial resolution, in 
the submicrometer range352. 

Finally, SR enables fast and time resolved scanning, since the 
X-rays source is highly brilliant, i.e. high amount of photons are 
produced per time interval352.

Thanks to these properties of the synchrotron radiations, it can 
be said that SRµCTs are images of excellent quality and resolution, 
almost free from artefacts. 

In this thesis, SRµCT was employed in Study V to investigate the 
degradation process of the Mg-based screws and the consequent bone 
response stimulated by those samples, in comparison to Ti controls. 
The SRµCT was performed on dried bone-implant blocks, after 1 and 
3 months of healing, at the P05 beamline operated by Helmholtz-
Zentrum Geesthacht at the Deutsche elektronen Synchrotron (DESY) 
source in Hamburg, Germany. 
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The Mg samples were imaged with SR in absorption mode at 
photon energy of 25 KeV, while the Ti samples were imaged with 
photon energy of 40 KeV, due to the higher electron density of Ti. 
During scanning, the samples on the rotating stage were rotated 
of 180° with 900 steps of 0.2°. Reference images were recorded 
at regular intervals, to adjust for variations of X-ray beam. The 
attenuated beam passed through the samples hit a scintillator and 
was converted in visible light and then it was recorded by a CCD 
camera (Figure 17). 

Figure 17. Experimental set-up for the SRµCT at the P05 beamline of HZG 
at PETRA III, DESY. The red square show the area zoomed in the figure on 
the right.

The samples were approximately 2 mm in height and were scanned 
at a single height level, with a field of view of 7.4 x 7.4 mm, resulting 
in a magnification of 4.959X353. Absorption images with a pixel size 
of 2.419 µm were obtained. 

The data-sets were reconstructed using standard filtered back-
projection algorithm and 32-bit float 3D image stacks of 700 images 
for each sample were obtained354. The final size of the edge of the 
isotropic voxels of the reconstructed data-sets was 4.84 µm. 

Image processing and data analysis: degradation rate quantification 
and 3D bone-to-implant contact
The 3D digital data-sets of images produced by SRµCT contain a lot 
of information, for example the amount and distribution of a certain 
feature in the studied volume, which is made accessible and quantified 
through a process of image analysis that can use automated or semi-
automated algorithms.
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The first step for the quantitative analysis of SRµCT images and 
usually the greatest challenge in image analysis is the segmentation. 
With the term segmentation is defined that process of delineation of 
all the pixels (2D) or voxels (3D) in the digital image that correspond 
to an object in the real world. 

In our case, the objective of segmentation was to delineate with 
the 3D models of the samples 3 relevant sub-volumes: the “screw” 
sub-volume, the “bone” sub-volume and the “soft tissue and air” 
(also referred as “background”) sub-volume. That step was necessary 
to perform all the following quantifications in the images.

A semi-automated workflow was used for image segmentation 
and consisted in the application of two approaches; an intensity-
based approach and a region-based approach. In the intensity-based 
approach, different sub-volumes were discriminated on the basis 
of their X-ray absorption coefficients, which corresponded to grey 
scale intensities in the images. The simplest way for this approach 
is thresholding, in which voxels are classified depending on their 
grey value being higher or lower of the chosen threshold. Despite its 
simplicity, this approach could not be applied automatically to the 
data-sets of the Mg-alloy samples because the absorption coefficients 
(i.e. the grey scale intensities in the images) of the alloys, of their 
degradation products and of the surrounding bone were too similar 
and misclassification of voxels could occur.  

Therefore, an algorithm including also a region-based approach 
was applied. In this method, a voxel is described both by its grey value 
and by its similarity (in terms of intensity) to the neighbouring voxels. 
Unfortunately, this method had some flaws when two materials with 
the same intensity were adjacent to each other, as in the case of direct 
contact of bone with the Mg implants. Thus, manual correction had 
to be performed for many data-sets. 

The segmentation was performed using Avizo software (FEI, 
Hillsboro, Oregon, USA) and 2-bit image masks were created, 
corresponding to the voxels of the 3 sub-volumes. Afterwards, the 
2-bit masks were imported in FIJI (National Institute of Health, USA) 
and subtracted from the original volume, to obtain three 32-bit image 
stacks corresponding to the three sub-volumes. Further data analysis 
was performed with Fiji software. 

The image stacks of the implants were used to quantify the implant 
degradation. An intensity-based approach was used to discriminate 
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non-destructively and with high contrast-to-noise ratio between the 
remaining metallic alloy and the degradation products. For each 
data-set, the grey-value interval corresponding to the absorption 
coefficient of the original metallic alloy was identified, using the micro-
computed tomography data of the implants before implantation as 
reference. The voxels belonging to that grey values interval were 
quantified. The remaining volume, corresponding to materials with a 
different absorption coefficient than the bulk material, was identified 
as the degradation products. The comparison of the tomographic 
slices with the histological slides served to verify the accuracy of the 
discrimination of the metal alloys from the degradation products. 
Figure 18 displays the segmentation procedure. 

The following formula, suggested by Witte et al355, was used to 
calculate the degradation rate (DR):

DR= ΔV/A*t
Where ΔV was the difference in volume of the metal alloy before 

implantation and at each time point in bone, A was the area exposed 
to the degradation, which was the initial area of the screws, as 
calculated from the µCT, and t was the time intervals in years (y) 
during which the screws were in bone. 

Subsequently, the sub-volumes were used to calculate the amount 
of the implant surface in direct contact to bone. The resolution of our 
calculation corresponded to the resolution of the SRµCT images, 4.8 
µm. To do so, for each data-set, the 2D-mask corresponded to the 

Figure 18. The illustration displays the segmentation of the 3D data-sets 
acquired with the SRµCT.
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implant volume and to the bone volume, included the background, 
were used. The outlines of these volumes were extracted using FIJI 
(National Institute of Health, USA) and saved as separate datasets. 
They corresponded to the surfaces that delimitated the implant 
volume exposed to the bone (excluded the internal screw driver hex) 
and the surfaces that delimitated the bone volume. A certain grey 
value was assigned to the implants outlines and another was assigned 
to the bone outlines. Then, the implant outline and the bone outline 
for each sample were added together with the image calculation 
tool of FIJI (National Institute of Health, USA) and the pixels that 
corresponded to the sum of the implant grey value and the bone grey 
value were identified. Those were the voxels that were shared by both 
outlines and, thus, those were the contact areas between the implant 
and the bone. The contact areas were quantified over the total area of 
the implant, to obtain the percentage of the implant in direct contact 
with the bone (3D-BIC%). The spatial limitation for this calculation 
corresponded to the size of the voxel edge and, therefore, 4.8 µm.

The quantitative information obtained from the data analysis was 
used to create three-dimensional renderings with VGStudioMax 
(Version 2.0, Volume Graphics GmbH).

For a comparison between the morphological information obtained 
from histological images and X-ray absorption data, the histological 
and µCT slices were registered to each other. To do so, SRµCT image 
stacks were rotated along the x- and y-axis using Image J software 
in order to match the spatial orientation of the histological slides. 
Subsequently, the image stacks were searched along the z-axis to 
identify µCT slices in volume that corresponded to the histological cuts. 

Additionally, the histomorphometrical parameters 2D-BIC and 
3D-BIC for the same samples were compared.  

Electron Probe Micro Analysis of histological sections
Electron Probe Microanalysis (EPMA), also denoted electron 
microprobe analysis (EMPA), is an analytical tool that consents to 
study the chemical composition of solid material in a non-destructive 
way. The instrument works similarly to a SEM and bombards the 
samples with electron, detecting the spectra of X-rays emitted by the 
samples, which identifies to elemental composition. Interestingly, this 
instrument provides information of the chemical composition and the 
spatial distribution of elements in the sample. 
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In Study V, EPMA (EPMA, JEOL Ltd. JXA-8530F) was performed 
on histological sections, prepared at a thickness of 100 µm, to 
characterize and map the elemental composition of the alloys, the 
degradation layers and the surrounding bone of the screws after 3 
months of healing. An acceleration voltage of 10 kV was applied 
on the samples that were coated with Pt by sputtering technique 
prior to the analysis to make the surface electrically conductive. 
Unfortunately, neither the signal from Gd, Y and Ce, which are 
present in the Mg-10Gd and Mg-4Y3RE alloys, nor the signal from 
Cl, which is a component of the physiological fluids, can be detected 
at this energy. However, this energy was chosen to obtain information 
on the presence of Mg, C, O, Ca, Na, K, P, Ti, Ag in the bone and in 
the degradation layers. 

Statistical analyses
Several statistical tests were applied in this thesis for the collection, 
analysis and interpretation of the results obtained from the analytical 
methods used. Specific tests were selected in relation to the type of 
data and the sample number. 

Both parametric and non-parametric tests were applied to analyse 
the differences of the variables studied in the groups. Parametric tests 
were performed when the frequency of distribution of the data could 
be assumed as normal, while non-parameteric tests were used when 
this condition was not met. The normality of distribution of the data 
was assessed with the Kolmogorov–Smirnov test.  

All tests, but the comparison of the gene expression data in Studies 
IV-V, were performed with SPSS software (IBM, Armonk, NY, USA). 
The tests were all two tailed and a significance threshold of .05 was 
set in all cases.

The numerical parameters obtained with interferometer in Studies I 
and II were analysed with Student t-test to examine if the differences 
in mean of the numerical parameters between the control group and 
the Mg group was statistically significant. 

The data obtained with AFM in Study I were assessed in a similar 
way, but using Mann-Whitney test, a non-parametric test since the 
number of measurements per magnification were too few to fit a 
normality distribution curve. 
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The minimum number of animals required to obtain statistically 
meaningful results was calculated by power analysis for each 
analytical method.

To assess if the differences measured with RTQ test and 
histomorphometry in Studies I-IV were significantly related to the 
presence of Mg in the coatings, the Wilcoxon signed-rank test was 
used. This is designed for situations in which the measurements 
to compare come from the same individuals, therefore they are 
dependent. In this test, the difference between two measurements 
in the same individual are calculated, with the sign of the difference 
(positive or negative) and a rank is assigned to each difference, from 
the lowest to the highest. Then, the mean of the ranks of the data in 
the Mg-group and in the control group is calculated and compared. 
This test was selected because each animal carried both the test and 
the control samples and, therefore, the groups were dependent.

In Study II, the number of new threads filled with bone was 
counted and it was evaluated if the number of new threads occupied 
by bone was correlated to the loading of Mg ions in the mesoporous 
films. For this analysis, the chi-square correlation and likelihood ratio 
were used. 

In Studies II and III, the significance of the difference in the 
expression of genes in the test and control groups was calculated 
with Sign Test for paired samples (Study II) or Wilcoxon signed-rank 
test (Study II), both non-parametric tests. 

In Studies IV-V, the gene expression results obtained in the test 
groups and in the control group were compared using the Student 
t-test and the calculation were done directly in the CFX Manager 3.0 
Software (BioRad, Hercules, CA, USA), the same that was used to 
handle the qPCR data. 

In Study V, the differences in the distributions of the in vitro 
degradation rates, the 2D-BIC, the 3D-BIC and in vivo degradation 
rate values among the materials were analysed with non-parametric 
Kruskal-Wallis test with a Dunn-Bonferroni Post Hoc test for pairwise 
comparison. 



127

SUMMARY OF RESULTS

Effects of the local release of magnesium on 
osseointegration of titanium implants in healthy bone

Material characterization 
In Study I, II and III, commercially available titanium implants were 
coated with thin mesoporous titania layers and, then, magnesium 
ions were physically adsorbed within the mesoporous network. 

SEM images of the implants coated with mesoporous networks 
showed that homogenous surface morphology was obtained on all 
samples. The coatings displaed evenly distributed porosisty, with 
pores of approximately 6 nm in size and facing out from the surfaces 
(Figure 19). The analysis of a scratched area of the coating revealed 
that the mesoporous layer was approximately 200-nm thick and that 
the same degree of porosity was present through the entire thickness 
of the coating (Figure 20). Differences in surface morphology between 
the Mg-impregnated and non-impregnated coatings could not be 
detected with SEM even at the high magnifications.

Chemical analyses of the prepared implants were performed with 
EDX to study the elemental composition of the surfaces (Table 4). 

I don’t need sleep, I need answers. I need to determine where, 
in this swamp of unbalanced formulas, squatteth the toad of truth. 

Jim Parsons (1973 -) as Sheldon Cooper in “The Big Bang Theory”
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The main components of the native mesoporous surfaces were Ti, 
O and C. The mesoporous films doped with Mg displayed a similar 
elemental composition, with the additional presence of Mg, which 
was not present on the native surfaces. This survey confirmed the 
successful loading of Mg on the test implants. 

Table 4. Chemical composition of the native mesoporous (-Mg2+) and the test 
(+Mg2+) implants in 3 different areas obtained with EDX analysis.

Group Area Ti (%) O (%) Mg (%) C (%)

Top 5.04 43.74 0 5.04

- Mg2+ implants Valley 7.65 59.18 0 7.65

Flank 4.42 34.53 0 4.42

Top 9.96 50.84 0.52 9.96

+ Mg2+implants Valley 6.11 55.46 0.78 6.11

Flank 5.09 45.45 1.64 5.09

Optical interferometry was used to investigate the surface topography 
of the coated implants and to check if the addition of Mg produced 
an influence on the topography. It was found that the surface was 
minimally rough, reflecting the turned topography of the original 
substrates. Similar values were obtained by the control and the test 
samples for all parameters. However, the difference in Sds values 
between the tests and the controls was statistically significant. 

The results are summarized in Table 5 and one representative 3D 
rendering of implant surfaces is shown in Figure 21. 

Figure 19. SEM image of a mesoporous 
titania coating. The coating is formed 
by homogeneously distributed pores 
facing out from the surface. The 
average pore size is 6 nm. Scale bar: 
100 nm.
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Table 5. Topographical parameters of the native mesoporous (- Mg2+) and 
the test (+ Mg2+) implants, obtained with the optical white light interferometer 
(IFM). The surfaces of the two groups of samples are comparable. The data 
are shown as mean (± standard deviation).

Group Sa (µm) Sds (n/mm2) Ssk Sdr (%)

- Mg2+ 0.25 
(±0.09)

170297.74 
(±43992.1)

3.05 
(±9.58)

9.06 
(±6.01)

+ Mg2+ 0.26 
(±0.09)

162842.7 
(±62664.0)

7.21 
(±14.65)

13.89 
(±11.91)

p-value 0.9 0.6 0.2 0.06

The nanotopogtraphy of the coatings with and without Mg ions 
was surveyed with AFM on coated discs at 3 different scan areas of 
10X10 µm, 1X1 µm and 500X500 nm. 

Figure 20. SEM image of a scratched area of the mesoporous coating. The 
coating with the high degree of porosisty is observable on the left of the 
image, while the underlying bulk of the titanium implant is visible on the 
right side. The approximate thickness of the coating is 200 nm. Scale bar: 
200 nm.

Figure 21. 3D rendering of the 
implant surface topography 
obtained with optical white light 
interferometry. Scan area 200 
X 110 µm. The surface appears 
turned at a micrometer level. 
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Nanostructures were found on all surfaces and were evenly distributed 
(Figure 22). When a 10 X 10 µm area was scanned, the Sa and Sdr 
parameters were comparable between implants with and without Mg 
(Table 6). However, on the scans at higher magnification, statistical 
significant differences in these parameters were found between the 
test and the control samples. The addition of Mg slightly diminished 
the surface nanoroughness.

Figure 22. 3D renderings of the implant surfaces at a nanometer level 
obtained with atomic force microscopy. It can be observed that the surfaces 
are formed by a homogeneously arranged nanoporosity.

Table 6. Topographical parameters of the native mesoporous (- Mg2+) and the 
test (+ Mg2+) implants, obtained with the atomic force microscopy (AFM). The 
data are shown as mean (± standard deviation). *: statistical significance.

10 X 10 µm 1 X 1 µm 500 X 500 nm

Group Sa 

(nm)

Sdr 

(%)

Sds (1/

µm2)

Sa 

(nm)

Sdr 

(%)

Sds (1/

µm2)

Sa 

(nm)

Sdr 

(%)

Sds (1/

µm2)

Control
16.31

(±2.8)

0.67

(±0.2)

11.94

(±5.4)

1.13 

(±0.6)

1.83 

(±1.1)

3456 

(±931)

0.57

(±0.1)

3.28

(±2.2)

10181

(±2035)

Test
16.30 

(±3)

0.42

(±0.2)

3.72

(±2.4)

0.59

(±0.1)

0.48

(±0.2)

3380

(±1211)

0.31 

(±0.09)

0.93 

(±0.4)

10007 

(±3405)

p-value 0.79 0.05* 0.02* 0.02* 0.002* 0.8 0.000* 0.007* 0.8
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In vivo results
The implants coated with magnesium and either impregnated with 
Mg ions or left as native were implanted in the rabbits tibia and let 
to heal for 3 (Studies I and II) and 6 weeks (Study III). 

The rabbits could walk normally after the surgery and did not 
display signs of pain or distress. All the rabbits in Studies I and II 
could complete the follow up period. At re-entry, all the implants 
appeared clinically stable, without signs of infection. One rabbit in 
Study III died for unknown reasons during the follow up period and it 
was excluded from the study. At the autopsy of this animal, the tibiae 
with the implants appeared normal, were not fractured and were not 
infected and the implants appeared normally osseointegrated. 

Biomechanical analyses
The RTQ values of the implants after 3 and 6 weeks of healing are 
displayed in Figure 23. 

Figure 23. Removal torque values of the test and control implants after 3 and 
6 weeks of healing. The middle line of the box-plot and the values in the 
white squares indicate the median values. *=p<0.05. 
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The mean (±SD) RTQ values at the 3-week healing time (Study 1) 
were 34.6 (±12.9) Ncm for the test samples and 21.9 (±11.2) Ncm 
for the controls. The median of the 2 groups was 36.50 (test) and 
19.50 (control). The difference was statistically significant (p=0.012).

The mean (±SD) RTQ values after 6 weeks of healing (Study III) 
were 17.2 (±7.1) and 15 (±5) for the test and control respectively. 
The medians were 18.10 (test) and 17.20 (control). At this healing 
time the difference was not significant (p=0.9)

Gene expression results
At the 3-week observation (Study II), all the examined genes involved 
in osteogensis were up-regulated in the test samples, compared to the 
controls (Figure 24). In particular, the up-regulation of OC, RUNX2 
and IGF1 was statistically significant, with p-values of 0.002, 0.02 
and 0.04, respectively. The expression of pro-inflammatory cytokines 
was found similar in the 2 groups and relatively low compared to 
the other genes. 

A different trend was observed at 6-weeks, when the same genes 
were up-regulated in the control, instead (Figure 25). At this healing 
time 3 genes, OC, COL1A1 and ALPL were significantly up-regulated 
in the control samples compared to the tests (p-values of 0.001, 0.02 
and 0.05 respectively). 

Figure 24. The bar chart shows the relative normalized mRNA quantity 
of the gene assays investigated in the peri-implant tissue of the control 
and test implants after 3 weeks of healing (Study II). The gene expression 
was normalized against a reference gene (GAPDH) and 3 genes were 
significantly up-regulated in the test group. On top of the bars in the white 
squares are displayed the mean values.  
*=p<0.05. 
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Figure 25. The panel chart displays the gene expression results in bone 
surrounding the Mg-loaded implants and the control implants after 6 weeks 
of healing. The expression of the genes was normalized against 3 reference 
genes (ACTB, GAPDH, LDHA). The panel chart has been designed to present 
the very scattered data obtained. The upper part of the graph shows the 
values with bar charts over a common axis for all the data, however does 
not allow appreciating the small data. The lower part of the graph displays 
the results in a way that focuses on the small values. Three genes were 
significantly more expressed in the control group than in the test. The 
expression of COL1A1 and of BGLAP was extremely high compared to the 
reference genes and to the other genes investigated, indicating that the late 
phases of osteogenesis were on-going. 
*= p<0.05)

Histological findings
On the light-microscopy images of histological slides, apposition of 
new bone was observed around the surfaces of all implants. The 
bone filled the space between the implants and the osteotomy walls 
and was in close contact with the implants. Newly formed bone was 
distinguishable from the original bone due to a higher intensity of 
the staining in the new bone. In addition, larger osteocyte lacunae 
and a less organized morphology was observed in the immature bone 
compared to normal lamellar bone. However, already osteons were 
forming in the newly deposited bone. Cement lines were recognizable 
as vividly coloured boundaries between the old and the new bone 
(Figure 26).

The implants were placed in the tibia monocortically and only 
the 3-4 most coronal threads were in contact with bone, due to the 
conformation of the rabbit tibiae; while the more apical threads were 
in contact with the bone marrow. Therefore the BIC% and BA% 
were measured in the 3 most coronal threads. 
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Figure 26. Cement lines, highlighted by yellow arrows, are visible in the 
non-decalcified histological section of an implant in bone, after 3 weeks 
of healing. Cement lines delineate boundaries between newly formed and 
original bone. Scale bar: 50 µm.

In Study I, an average BIC (±SD) of 8.5% (±3.4%) was found in 
the control specimens, while 15.2% (±7.6%) was the average value 
for the tests. The BIC in the test group was almost double than that 
of the control group, although the difference was not statistically 
significant (p=0.2), due to the small sample size and large SD (Table 
7). The BA was on average 74.4% (±15.2%) for the controls and 
66.6% (±10.3%) for the test implants. Again the difference was not 
significant (p=0.3).

Table 7. Histomorphometrical parameters of the samples in Study I.

Group BIC% BA%

- Mg 8.5% (±3.4%) 74.4% (±15.2%)

+ Mg 15.2% (±7.6%) 66.6% (±10.3%)

p-value 0.2 0.3

In Study II, similar histomorphometrical values were observed. The 
mean BIC (±SD) was 13.8% (±6.4%) and 11.4 (±7.3%) for the test 
and the control groups, respectively (p=0.). The mean BA% was 
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66.8% (±10.3%) and 71.6% (±11.5%) for the tests and the controls 
respectively (p = 0.3). Data are shown in Table 8 and representative 
histological images are displayed in Figure 27. 

Figure 27. Histological pictures of a control (- Mg) and a test (+ Mg) sample. 
Newly formed bone can be observed within the threads. Toluidine blue 
staining. Scale-bar 50 µm.

Table 8. Histomorphometrical parameters of the samples of Study II.

Group BIC% BA%

- Mg 11.4 (±7.3%) 71.6% (±11.5%)

+ Mg 13.8% (±6.4%) and 66.8% (±10.3%)

p-value 0.2 0.3

An additional finding of Study II was that the endosteal formation of 
new bone toward the apex of the implants was more pronounced for 
the test samples (Figures 28 and 29). Statistical analysis confirmed 
that the probability of having two extra threads filled by new bone 
was significantly higher for the test samples than for the control 
samples (chi-square test p=0.01 and likelihood ratio p=0.01). 

By week 6, the new bone that filled the threads and occupied the 
osteotomy space had matured and displayed an organized and 
lamellar morphology (Figure 30). The osteotomy lines were not visible 
anymore, a sign that the remodelling process has occurred. Periosteal 
and endosteal reactions were observed and the bone embraced the 
implants in depth toward the apex (Figure 31). 
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Figure 28. Histological pictures showing the bone growth within the medullar 
threads of a control (-Mg) and test (+Mg) implant in the tibia of rabbits for 3 
weeks. In both sections, the bone ws organized in osteons (yellow arrows) 
and it showed large osteocyte lacunae. The bone around the test implant 
had a more mature and compact aspect than the bone around controls. The 
bone was in intimate contact with the bottom of the threads. Toluidine blue 
staining. Scale-bar 100 µm.

Figure 29. Histological images of a control (-Mg) and a test (+Mg) implant 
placed in the rabbit tibia for 3 weeks. It shows that new bone filled more 
threads in the test than in the control implant. Toluidine blue staining. Scale 
bar: 500µm.
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Figure 30. Histological slides of a test implant placed in rabbit bone for 
6 weeks. An intimate contact between the bone and the implant surface 
is observed. A line of active osteoblasts can be observed close to bone 
surface. Toluidine blue staining. Scale bar 50 mm.

Figure 31. Light microscopy images of non-decalcified histological slides of a 
test (+Mg) and a control implant (-Mg). New bone has filled the space inside 
the threads and has matured. The bone is in intimate contact with the screws 
surfaces. The osteotomy lines are not visible any more, attesting that some 
remodelling of the native bone took place. No signs of on-going remodelling 
are observable. Toluidine blue staining. Scale bars: 100 µm.

In Study III, the mean BIC was 38.8% (Median: 36.3; SD 10.3%) 
for the test implants and 32.1% (Meadian: 33.1; SD 11.7%) for 
the controls and the difference did not reach the statistical level for 
significance (p = 0.7). 
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The BA% and NBA% were 71.6% (Median: 73.11; SD 11%) and 
62.5% (Median: 66.7; SD 20%), respectively for the test groups, 
while they were 64.3% (Median: 65.5; SD 12%) and 56.4% (Median: 
56.8; SD 28%) for the samples in the control groups (p = 0.1 and p 
= 0.4). A trend for higher histomorphometrical values was observed 
for the test group, although the difference compared to the controls 
did not reach the statistical level of significance (Figure 32). 

The density of osteocytes within the threads was 1059 and 1057 
per mm2 in the control group and in the test group, respectively. 

Synchrotron-based diffraction imaging
The DEI technique consented the visualisation of the bone quality 
around the implants. The analysis was performed on histological 
slides and the observation at light microscopy were compared to the 
radiographic findings.   

The newly formed bone that filled the threads and that formed 
the cement lines with the original bone, looked already mineralized 
and had a similar density of the surrounding bone. However, larger 
osteons, not yet organized in secondary osteons, were observed in 
this bone (Figure 33).  

Figure 32. Box plot of the histomorphometrical parameters obtained for 
control (-Mg) and test (+Mg) implants after 6 weeks of healing. The mid lines 
of the graphs and the values in the white squares indicate the median values.
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Figure 33. DEI (a) and corresponding histological section (b) of a Mg2+ 

implant. On the DEI picture, the bone appears dense and mineralized. 
In the histological slide, the bone around the haversian canal looks 
under maturation and it is palely stained (blue arrows). However, on the 
corresponding DEI, in the same areas, the bone has a compact aspect. 
Areas of bone-to-implant contact (red arrows) are visible. Scale-bar 100 
µm. Toulidine blue staining.

The DEI confirmed a greater encapsulation of the test implants, 
compared to the controls, by newly formed bone. 

Effects of the local release of magnesium on 
osseointegration of titanium implants in compromised bone
In Study IV, the effects of the local release of Mg ions from mesoporosus 
titania coatings on the osseointegration of implants were investigated 
in compromised bone site. Mini-screws coated with mesoporous thin 
films and loaded with Mg ions were implanted in overiectomized 
rats, fed on a low calcium diet to induce osteoporotic-like conditions. 

The surface characterization of the implants was comparable to 
that of the regular size implants. The SEM pictures showed the high 
porosity of the mesoporous surfaces and the EDX spectra revealed 
that the test samples were successfully coated with Mg on top of the 
mesoporous coatings. 

In vivo results
Gene expression of a panel of genes involved in osteogenesis 
(superarrays)
The qPCR analysis showed successful amplification for all genes in 
the superarray plates, but one, IHH, for which probably not enough 
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mRNA copies were present in the original samples. The melting-
curves data showed good specificity in the amplification. 

The stability of the expression of the 5 reference genes (ACTB, 
B2M, HPRT1, LDHA, RPLP1) was tested with the geNorm algorithm 
and revealed that 4 genes were suitable to be used as reference genes. 
ACTB was excluded as reference gene, because its expression varied 
in relation to the sample group. 

The following osteogenesis related genes were more than 
3-fold over-expressed in the magnesium-releasing samples: BMP6, 
COL14A1, COL2A1, CSF3, VCAM1, VEGFA. The expression of 
BMP6 was statistically significantly higher in the test vs the control 
gorup (R= 3.8; p=0.027).

Three genes, SOX9, SMAD3, TGFBR3, were more than 3 times 
down-regulated in the Mg-gorup, but without statistical significance 
(Figure 34). 

Histological and histomorphometrical observations
On histological sections of the rat tibiae and femurs it was possible 
to observe a decrease of bone mass in the osteoporotic animals. The 
bone in the femoral head was thinned and rarefied, with very large 
trabecular space and some sign of degeneration (Figure 35).

At day 1 after placement, the implants surfaces were coated by 
a loose network of fibers, lightly stained on the histological slides. 

Figure 34. Relative normalized expression of the mRNA quantity of 8 genes in 
the peri-implant tissue of control (-Mg) and test (+Mg) implant afters 7 days 
of healing in osteoporotic bone. Genes for which a difference in expression 
of at least 3 folds was found between the test and control are displayed. The 
mRNA quantity for each gene was normalized against 4 reference genes 
(B2m, Hprt1, Ldha, Rplp1). *=p<0.05.
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Figure 35. Light microscopy images of histological slides of the tibia of a 
healthy (left) and ovariectomized (right) rat. The rats were of the same 
strain and approximately of the same size (the sample on the right belongs 
to another study, not included in this thesis). It can be observed that in 
the ovariectomized subject the trabecular structure has almost completely 
disappeared. Scale bar: 1 mm.

Figure 36. Histological 
slides of a magnesium-
loaded (a) and a control 
(b) specimen 1 day after 
implantation. 

A loose network of fibres 
surrounded the implant 
surfaces and adhered to 
them. Extravasated blood 
cells can be observed in 
the blood clot. 

Cells close to the implant 
surfaces had a flattened 
shape and a fibroblast-like 
aspect (yellow arrows). 

Cells with fine cytoplasm 
granules suggestive of 
mast cells are visible 
in the proximity of the 
implant (red arrow head). 
Toluidine blue staining. 
Scale bar: 10 µm.
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Within the plot of fiber, extravasated blood cells were recognizable, 
such as erythrocytes, platelets and leucocytes. The osteotomy area 
was sporadically occupied by osseous debris, while the cortical region 
of the bone showed some cracking, probably induced by the drilling 
process. 

Cells with a flat aspect were observed on the implant surfaces 
(Figure 36a). Moreover, some cells with violet-stained granules in 
the cytoplasm were localized in the proximity of the implants (Figure 
36b). Their aspect was suggestive of mast cells. 

On the histological slides on the samples after 2 days of healing, 
a tissue suggestive of organized blood clot was observed. The fibrin 
matrix was thickened on the surfaces of the implants and in the 
bottom of the threads and had completely filled the osteotomy space. 
(Figure 37). 

No appreciable difference was noticed between the test and control 
implants at these time points. 

After 7 days of healing, already an organized connective tissue 
stroma with areas of clearly visible osteoid formation was found. 
Woven bone was being formed at the rim of the osteotomy and on 
the implant surfaces (Figure 38). The histomorphometrical analyses 
revealed that almost twice as much new bone formation was present 
around Mg-impregnated implants, compared to the implants without 
magnesium (NB% 3.9% vs 2.1% within the ROI respectively, 
p=0.028).

Figure 37. Light microscopy images 
of test (a) and control (b) specimens 
after 2 days of healing in rat bone. 
The blood clot appeared more 
organized and more intensely stained 
than at day 1. A densely organized 
fibrin network, containing a great 
number of cells, was adherent to 
the implant surfaces; especially in 
correspondence of the implant thread 
valleys. Toluidine blue staining. Scale 
bar: 50 µm.
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Degradation behaviour and biological effects of 
magnesium-based biodegradable implants
Material characterization 
The chemical composition of the Mg alloys in the form of screws as 
analysed with ICP-OES is reported in Table 9. 

The concentrations of the alloy elements found in the 3 alloys 
respectively (1.88 w% of Ag, 8.9w%of Gd and 3.57% of Y, 1.97w% 
Nd and 0.84w% Ce) are in good agreement with the alloy nominal 
composition and it was similar to that revealed by the EDX analysis. 

The concentration of certain impurities, Fe, Mn, Si, Al Cu and Ni, 
was detected within the alloys. 

Figure 38. Light microscopy images of magnesium-loaded (a and c) and 
native (b and d) mesoporous titania coatings of titanium implants after 7 
days of healing. The blood clot was not visible any more and it had been 
substituted by a granulation tissue, where vascular structures were forming 
(yellow arrows). Woven bone was forming from the surfaces of the old 
bone, but also on the surfaces of the implant (red arrows). Areas of osteoid 
formation are observable. Higher amount of new bone was found around 
the Mg-loaded surfaces compared to the controls. Toluidine blue staining.



144

Table 9. Chemical composition of the screws of the 3 Mg-alloys as obtained 
with ICP-OES analysis.

Element Mg-2Ag Mg-10Gd Mg-4Y-3RE

Y (w%) 0 0 3.57

Nd (w%) 0 0.04 1.97

Ce (w%) 0 0 0.84

Gd (w%) 0 8.39 0

Ag (w%) 1.88 0 0

Fe (ppm) 369 323 374

Mn (ppm) 63 94 176

Si (ppm) 92 102 80

Ni (ppm) 47 51 64

Co (ppm) 7 6 7

Cu (ppm) 55 45 77

Al (ppm) 6 55 225

Mg (w%) balance balance balance

Density
(gr/cm3)

1.76 1.87 1.86

Fe/Mn 5.8 3.4 2.1

Fe/Si 7.8 3.2 4.7

Fe/Ni 7.8 6.4 5.9

Fe/Co 49.3 55.8 50.4

Fe/Cu 6.7 7.1 4.9

The grain size of the alloys along the longitudinal axis of the screws 
was investigated with optical microscopy. Mg-4Y-3RE displayed the 
smallest grain size, while Mg-2Ag had the largest grains. Optical 
micrographs of the material displaying the grain size and structure 
are shown in Figure 39.

The microstructure of the screws was further investigated with 
SEM in BSE mode and EDX. The alloys matrix was not perfectly 
homogenous and not-dissolved bright particles were observed 
embedded in the alloy matrix for all the alloys (Figure 40). The 
particles were aligned along the extrusion direction. In Mg-2Ag, 
the bright particles were mainly intermetallic particles not dissolved 
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Figure 39. Microstructure and grain 
size (average ± SD embedded 
in the pictures) of the Mg alloys 
obtained with picral and observed 
with optical light microscopy. 
Scale bar on the left: 200 µm; 
scale bare on the right: 50 µm. 
Red arrows show the extrusion 
direction, which was the same for 
all the pictures.

in the alloys matrix, but very small particles rich in O, probably 
Ag-oxides, were also observed. In Mg-10Gd screws, bright rectangular 
particles of ≈ 2-5 µm size were found and they were probably GdH2, 
due to the high H content. Rounded particles had, instead, a Gd 
concentration suggestive of Mg5Gd. High concentration of bright 
particles was found also in the Mg-4Y-3RE alloy and the particles 
were intermetallic compounds of Nd and C and, in minor part, of Y. 

The initial volume of the screws before implantation was determined 
on high-resolution µCT. The tomographic examination confirmed 
the distribution of small particles with high absorption coefficient 
of the bulk material in Mg-10Gd and Mg-4Y-3RE with preferential 
alignment along the extrusion direction. The particles within Mg-2Ag 
were not as bright as those in the other alloys and they were not 
distinguishable from the bulk material. However, the bulk material 
was not perfectly homogenous.

The degradation rate of the Mg-screws was preliminary tested in 
vitro. A weight-loss method after 1 week of immersion test in DMEM 
+ 10% FBS was employed. 
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Figure 40. SEM images in BSE mode of the bulk of the 3 alloys in the form of 
mini-screws. The screws were cut longitudinally and the bulk material was 
imaged. Bright stripes can be observed along the extrusion direction and 
they are probably areas with high concentration of intermetallic phases and 
oxides of Ag and RE. Scale bar 200 nm.

The degradation rates in mm/year were similar for the 3 alloys. 
Mg-4Y-3RE showed the highest degradation rate with 1.14 ± 0.24 
(median 1.21) mm/year, whereas Mg-10Gd had a degradation rate 
of 1.04 ± 0.31 (median 1.09) mm/year and Mg-2Ag of 0.97 ± 0.37 
(median 1.03) mm/year. The difference among the groups was not 
statically significant.

Figure 41 visualizes the screws before and after in vitro degradation 
test. 

In vivo analyses
One of the animals died during surgery, probably due to adverse 
reaction to anaesthesia and it was removed from the study. Of the 
remaining 19 animals, 10 animals were randomly allocated to the 
1-month healing group and 9 to the 3-month healing group.

No other animal died during the follow-up time and they could 
walk without visible signs of pain, discomfort and infection or wound 
dehiscence. 
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3D analyses of the degradation behaviour and bone architecture 
around Mg and Ti screws

Reconstructed SRµCT images 
allowed the visualization of the 
bone-implants samples in 3D 
and with high spatial resolution 
and high-density contrast. 
No artefacts from the metal 
samples were detectable. 

Segmentation was performed 
to classify the voxels of the 3D 
images to the implants, the 
bone or the soft tissues and 
background. 

After 1 and 3 months in rat 
bone, the screws of Mg-10Gd 
and Mg-4Y-3RE looked like 
they had preserved the original 
threaded shape, while the 

Mg-2Ag screws look considerably altered in their shape as 
result of degradation (Figure 42). However, the screws of all 
3 groups underwent alteration of the material, visible on the 
SRµCT as a change in the X-ray absorption coefficient. Three-
dimensional rendering of the screws with the degradation 
layers before and after degradation are presented in Figure 43.  

The degradation products of Mg-10Gd and Mg-4Y-3RE remained 
adherent to the residual metallic alloys and were deposited in 
the same shape of the original implants. Occasional cracks and 
detachment of fragments were observed in the degradation layers, 
which displayed a brittle behaviour. The occasional fragments of 
Mg-10Gd and Mg-4Y-3RE disseminated in the surrounding bone 

Figure 41. Photographs of the 
screws before (left) and after 
(right) immersion test. (a) Mg-2Ag, 
(b) Mg-10Gd and (c) Mg-4Y-3RE. 
Scale bar: 1 mm.w
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were found completely encapsulated by new bone, without signs of 
osteolysis (Figure 44).   

The degradation products of Mg-2Ag were disorganized and 
loosely attached to the surface of the residual metallic alloy. 

Figure 42. SRµCT of the screws before implantation and after 1 and 3 
months in bone. Bone has been segmented out of the picture. Degradation 
is observable for all screws already at 1 month. The Mg-2Ag screws had 
visibly altered shape, while Mg-10Gd and Mg-4Y-3RE screws maintained a 
similar screw-shape as the initial one while they transformed into degradation 
layers. For all materials, degradation layers can be recognised on the 
basis of different X-ray absorption coefficients (fat arrows). At the 3-month 
observation, areas of the degradation layers have a denser aspect than at 
1 month (slim arrows). Scale bar: 1 mm.
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Figure 43. 3D rendering of the screws at the different healing times. The 
degradation layers were not removed. The image shows that Mg-2Ag 
changed considerably in macrogeometry, while the other 2 alloys 
transformed into degradation layers that maintained the original shape.

Figure 44. SRµCT of some fragments of screws or degradation layers, 
detached from the bulk and completely encapsulated by bone, without signs 
of osteolysis or inflammation.
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The degradation layers of all alloys displayed higher grey value 
intensities at 3 months compared to 1 month, as they probably 
became denser or mineralized. 

 As expected the Ti screws did not show any signs of corrosions 
or measurable surface alterations. 

On the basis of the grey value intensities and through comparison 
with the histological observation, it was possible to identify 
degradation layers and the residual metallic alloys.

The degradation rates were calculated on the basis of the reduction 
of volume of the residual metallic alloys. 

At the 4-week observation, Mg-10Gd yielded the highest 
degradation rate (DR), with 1.15 ±0.19 (median: 1.18) mm/year 
followed by Mg-2Ag with 1.01 ± 0.11 (median 1.01) mm/year and 
Mg-4Y-3RE with 0.82 ± 0.10 (median 0.84) mm/year. 

Twelve weeks post-implantation, Mg-2Ag has degraded the most 
and showed a degradation rate of 0.49 ± 0.07 (median 0.47) mm/year. 
Mg-10Gd had a degradation rate of 0.39 ± 0.04 mm/year (median 
0.39), and Mg-4Y-3RE with a DR of 0.37 ± 0.03 (median 0.38) mm/
year. The degradation significantly slowed after the first month.

The in vitro and in vivo degradation rates are displayed in Figure 45.

 

Figure 45. Comparison of the in vitro and in vivo degradation rates (DR) of the 
studied Mg alloys (mid line of the box plots and display values are the medians).  
*=p<0.05.
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Figure 46. Representative SRµCT slides of the different materials in bone for 
1 month. It can be observed that new bone filled the space between the 
osteoromy wall and the screws of Mg10Gd, Mg4Y3RE and Ti, while no 
new bone grew in contact with Mg2Ag screws. New bone can be identified 
from the older bone, on the basis of the lower density, due to lower degree 
of mineralization. New bone showed a trabecular morphology, with large 
osteocytes lacunae (white arrows). The bone around Ti screws seems to be 
at a more matured stage of healing compared to the other samples. Scale 
bar: 1 mm.
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Statistical analyses were performed to verify the null hypothesis that 
the mean DR ranks were the same for all groups. The null-hypothesis 
was rejected and the post-hoc test showed that the DR of Mg-10Gd 
at 1-month healing was significantly higher than that of Mg-4Y-
3RE (p=0.005). At 3 months it was the DR of Mg-2Ag that was 
significantly higher than that of Mg-4Y-3RE (p=0.02). 

The bone tissue reacted differently to the 3 materials. Thin trabeculae 
of newly formed bone grew around the Mg-10Gd and Mg-4Y-3RE 
implants after 1 month of healing and bridged the distance between 
the wall of the osteotomies and the surfaces of the remaining screws. 
The new bone was observed in intimate contact with the outer 
surfaces of the screws, which formed mainly by degradation products 
and could be considered biocompatible. The newly formed bone was 
less mineralized than the surrounding bone and had larger osteocyte 
lacunae. 

On the contrary, almost only soft tissue embraced Mg-2Ag implants 
after 1 month of healing/degradation and a gap was observed between 
the material and the bone. 

One month after placement, the Ti controls were surrounded by 
new mineralized bone in close contact with the surface. 

Representative images of the implants at 1 month of healing are 
presented in Figure 46.

After 3 months of healing, a considerable amount of bone was 
observed in the Mg-10Gd and Mg-4Y-3RE samples. The bone filled 
the space between the threads and grew in intimate contact with the 
implant surfaces. It displayed a matured morphology and had the 
same density as the original bone. 

The Mg-2Ag implants appeared surrounded by non-mineralized 
tissues after 3 months of healing, when bone-to-implant contact was 
observed only sparsely. 

Ti implants were encapsulated by bone, in close contact with large 
portions of the implant surfaces, including the space in the medullary 
canal, at month 3. 

Representative images of the implants at 3 months of healing are 
presented in Figure 47.

The contact between the bone and the implant surfaces were 
measured on the 3D volumes (3D-BIC - Figure 48). 
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Figure 47. Representative SRµCT slides of the different materials in bone for 3 
months. The bone around Mg10Gd, Mg4Y3RE and Ti further matured and is 
now completely mineralised. Large surfaces of these screws in contact with 
by bone and the interface between the bone and the screws of Mg10Gd 
and Mg4Y3RE is almost difficult to identify, due to the intimate contact 
with the bone and the similar absorption coefficients. This is not the case 
for Mg2Ag screws, for which very low amount of bone in contact with the 
implants was found and the screws were mostly surrounded by soft tissues. 
Scale bar: 1 mm.
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The mean 3D-BIC at 1-month observation was 10.2%, 27.4%, 
17.7% and 74.3% for Mg-2Ag, Mg-10Gd, Mg-4Y-3RE and Ti 
screws respectively. The mean ranks of 3D-BIC were statistically 
significantly different between Mg-2Ag and Ti (p=0.000) and Mg-4Y-
3RE and Ti (p=0.005), while the differences were not significant 
among the other groups. 

The mean 3D-BIC at 3 months was 4.7%, 48.4%, 45.2% and 82% 
for Mg-2Ag, Mg-10Gd, Mg-4Y-3RE and Ti screws respectively and 
it showed an increase for all materials, apart for Mg-2Ag, compared 
with the 1-month results. The increase in 3D-BIC between 1 and 
3 months was significant only for Mg-4Y-3RE (p=0.002, Mann-
Whitney Test). 

The mean ranks of 3D-BIC were not the same across Mg-2Ag and 
Ti, for which the difference was statistically significant (p=0.001), 
while no statistical differences were highlighted for the other pairwise 
comparisons. 

Histological analyses of the tissue response to degrading Mg screws 
and Ti controls 
Histological examination was performed to evaluate the tissue 
response to the 3 Mg-alloys and to the Ti controls. Representative 
histological pictures of the samples at the 1-month and 3-months 
time points are shown in Figures 49 and 50. 

figure 48: The figures show 3D renderings of the bone- to-implant contact 
of the 3 Mg alloys. The areas of direct contact of bone with the screws 
are displayed in red, while the bone is rendered transparent, to show the 
contact areas. The percentage of bone in contact with the screw surfaces 
was calculated on SRµCT in 3D (3D-BIC%) and compared to that obtained 
on 2D histological images. Mg-2Ag is the material that showed the least 
bone-to- implant contact both at 1 and 3 months. While Mg-10Gd (after 
1 month of healing) and Mg-4Y-3RE (after 3 months of healing) had large 
areas of their surfaces in intimate contact with bone. 
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After 4 and 12 weeks in bone, the screws of Mg-2Ag appeared 
heavily degraded and cracks were observed in the degradation layers. 
Mg-2Ag degradation was accompanied by a fibrous tissue reaction, 
which encapsulated the screws, and by an inflammatory infiltrate. 
Very low amount of bone contact was found for this group. 
Material degradation was observed after 4 and 12 weeks of healing 
for Mg-10Gd and Mg-4Y-3RE screws. The degradation layers 
displayed affinity to the toluidine blue staining in a way similar to 
the surrounding bone and they maintained the original threaded 
shape of the screws. Bone tissue was in intimate contact with the 
degradation layers of the Mg-10Gd and Mg-4Y-3RE screws and in 
some areas it was difficult to distinguish between the bone and the 
screw degradation layers. 

Figure 49. Histological sections of the samples at 1 month of healing in rat 
tibiae. New bone formation has taken place around the surfaces of Mg-10Gd, 
Mg-4Y-3RE and Ti screws, but not around Mg-2Ag screws.  The degradation 
of the 3 Mg alloys is visible. Yellow scale bars: 500 µm, green scale bars: 
200 µm. Red dotted line shows the contours of the original screws.
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New bone surrounded the Ti screws both at 4 and 12 weeks of healing 
and grew in close contact with the implant surfaces, encapsulating 
also the part of the implants that laid in the medullar region.

The histological slides were overlapped with corresponding, 
registered 2D slices from the SRµCT to confirm that the degradation 
layers identified with the 2 techniques corresponded closely (Figure 
51). 

The histomorphometrical analyses revealed that the mean 2D-BIC 
were 10.8%, 30.2%, 16.5% and 58.8% after 4 weeks of healing 
for the Mg-2Ag, Mg-10Gd, Mg-4Y-3RE and Ti screws respectively. 
The difference was statistically significant between Mg-2Ag and Ti 
(p=0.013) and Mg-4Y-3RE and Ti (p=0.014), while no statistically 
significant difference was observed between Mg-10Gd and Ti or the 
other pairwise comparisons. 

Figure 50. Histological slides of the samples at 3 months of healing in rat 
tibiae. The degradation of the 3 Mg alloys proceeded, but much slower than 
in the first month. Mature bone was in intimate contact with the surfaces of 
Mg-10Gg, Mg-4Y-3RE and Ti screws, while Mg-2Ag was mainly surrounded 
by soft tissues. Yellow scale bars: 500 µm, green scale bars: 200 µm. Red 
dotted line shows the contours of the original screws.
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Figure 51. SRµCT slice (A) and the corresponding histological slide (B) of the 
same sample. Red dashed line: contours of the degradation layers, which are 
similar to the surrounding bone, both in density and chemical composition 
(affinity to toluidine blue is similar). Yellow dashed line: contours of the 
residual metallic alloy. The histological observation guided the segmentation 
process.

Figure 52. Bone-to-implant contact (BIC) percentages calculated from 
tomograms (3D-BIC) and histological slides (2D-BIC). Mid line of box-plots 
and values are the medians.

The 2D-BIC increased significantly between 4 and 12 weeks for 
Mg-10Gd and Mg-4Y-3RE and at the 3-months healing time we 
noticed 71.3% and 71.7% 2D-BIC for these 2 alloys respectively. The 
2D-BIC increased also for the Mg-2Ag and the Ti implants, however 
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the increase was not significant, and at 12 weeks the 2D-BIC was 
12.5% and 70% for these groups respectively. 

The comparison among groups revealed that the difference in 
2D-BIC was significant between Mg-2Ag and Mg-10Gd (p=0.026), 
but not among the other groups. 

The 2D-BIC and 3D-BIC results are presented in Figure 52. 

Chemical composition of the bone-implant samples
The EPMA was used to characterise in situ the elemental composition 
of the implant after 3 month of healing.

The degradation products of all 3 Mg alloys had a relatively low 
content of Mg, which was similar to that of the surrounding bone in 
the superficial portions of the degradation layers. 

Mg, O and C were concentrated in the inner rim and Ca, P and 
O were concentrated in the outer rim of the degradation layer of 
Mg-2Ag. Ag was detected both in the bulk material and in the 
degradation layers. High concentration of C was detected in the 
surrounding bone and in the soft tissues, which may relate to the 
presence of organic macromolecules, but it can be an artefact of the 
embedding resin too, since this is rich in C. Na and K were detected 
both in the degradation layers and in the bone in similar amounts.

In the degradation layers of Mg-10Gd, Ca, P and C were detected, 
especially in the outer regions. 

Similar elemental composition was found in the Mg-4Y-3RE 
samples, where the inner part of the degradation layers contained 
Mg, Ca, Na and O. In the outer region of the degradation layers 
Mg was not represented, while the concentration of P, O and C was 
similar to that of the bone. The amount of Ca in the degradation 
layers was not as high as in bone. 

The amount of Ca, P, C and O was similar in the bone around the 
Ti samples and the 3 Mg alloys. In the Ti implants, only O, other 
than Ti, was detected, probably for the quick oxidation of the Ti 
surface exposed to air. 

The alloying elements, Ag, Gd, Y, Nd and Ce, were detected in 
the degradation layers of the alloys in similar amounts as in the bulk 
material, but they were not detected in the bone surrounding the 
alloys. 

Representative EPMA maps are shown in Figure 53.
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Gene expression results
The expression of genes related to osteogenesis and inflammation 
were investigated by means of qPCR in the tissues surrounding the 
degrading implants and it was compared with the expression of genes 
around Ti implants. 

Figure 53. Electron probe micro analysis (EPMA) maps of the samples after 
3 months in bone. The maps for the most relevant elements are shown in 
the picture. BSE: backscattered-electron image, DR: degradation layers. 
Concentrations are colour-coded from white (high) to black (low). The colour-
code bar (upper right) shows the concentration  gradients for all maps. Scale 
bar (lower right): 200 µm.
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Five genes, ACTB, B2M, HPRT1, LDHA, RPLP1, GAPDH, were 
found to be suitable as reference genes with the geNorm algorithm. 

Twenty-eight genes in total were significantly up-regulated in at 
least one of the Mg samples compared with the Ti samples, while no 
gene of those investigated was significantly down-regulated in the 
Mg group.

In particular, 8 genes were significantly up-regulated in the tissues 
around Mg-2Ag (CHRD, COL3A1, CSF3, MMP2, NOG, TGFB3, 
IL10 and TNFRSF11b), 15 genes were up-regulated around the 
Mg-10Gd samples (BMP6, BMP7, BMPR2, CTSK, FGF1, FLT1, 
ICAM1, ITGA3, ITGAV, RUNX2, TGFBR1, TGFBR2, TNFSF11, 
TNFRSF11b, VEGFB) and 12 genes were up-regulated in the tissues 
around Mg-4Y-3RE samples (COL1A1, CTSK, FGFR1, ICAM, 
ITGAV, ITGB1, PHEX, RUNX2, TGFBR1, TGFBR2, ACP5, IL6). 
One gene (TNFRSF11b) was significantly up-regulated both in 
Mg-2Ag and Mg-10Gd, while 6 genes were up-regulated significantly 
in Mg-10Gd and Mg-4Y-3RE (CTSK, ICAM, ITGAV, RUNX2, 
TGFBR1, TGFBR2). 

To simplify the data analysis the genes have been grouped into 11 
classes. Below are reported the results only of the 8 classes where 
significant differences in expression were observed. However, the 
regulation of all genes and the p-values of significantly expressed 
genes are shown in Table 10.

Bone morphogenetic protein (BMP/Transforming growth factor 
beta (TGFB) superfamily: Eight genes of this group were significantly 
up-regulated in the Mg alloys samples compared with Ti, while 
no gene were down-regulated in the Mg samples. In particular, 3 
genes (CHRD, NOG and TGFB3, was significantly up-regulated 
around Mg-2Ag, 5 genes (BMO6, BMP7, BMPR2, TGFBR1 and 
TGFBR2) were up-regulated around Mg-10Gd implants. and two 
genes (TGFBR1 and TGFBR2) were up-regulated around Mg-4Y-
3RE samples. 

Cell adhesion: Four genes involved in the cell adhesion mechanisms 
were up-regulated in the tissues around the Mg-alloys samples. Of 
these, none were up-regulated in Mg-2Ag, 3 (ICAM1, ITGA3, ITGAV) 
were up-regulated around Mg-10Gd samples and 3 were up-regulated 
in the Mg-4Y-3RE samples (ICAM1, ITGAV, ITGB1). The difference 
in regulation of ICAM1 and ITGB1 between Mg-samples and Ti was 
highly significant.
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Extra cellular matrix proteins: Three genes of this group were 
significantly up-regulated in the tissues around Mg alloys compared 
with Ti. One gene (COL3A1) was up-regulated in the Mg-2Ag 
samples, one gene (FLT1) was up-regulated in the Mg-10Gd samples 
and one gene (COL1A1) was up-regulated in the Mg-4Y-3RE samples. 

Growth Factor: Of the genes encoding for growth factors, one, CSF3, 
was very highly up-regulated in the samples of Mg-2Ag. Two growth 
factors, FGF1 and VEGFB were up-regulated in the Mg-10Gd samples, 
while one, FGFR1, was up-regulated in the Mg-4Y-3RE samples. 

Inflammatory cytokines: Of the inflammatory cytokines studied, 
IL10, an anti-inflammatory marker, was greatly up-regulated 
in all samples, but the difference in regulation compared with Ti 
controls was significant only for Mg-2Ag. Interleukin 6 (IL6), a pro-
inflammatory cytokine, was up-regulated in the Mg-4Y-3RE samples. 

Proteases: Three genes encoding for proteins with a protease 
function were up-regulated in the Mg-alloys samples. In particular, 
MMP2 was strongly up-regulated around Mg-2Ag. Another gene 
of this family, CTSK, was up-regulated significantly both around 
Mg-10Gd and Mg-4Y-3RE implants. Finally, PHEX, was up-regulated 
around Mg-4Y-3RE implants. 

Osteoclast activation: On this class of genes, TNFRSF11, also 
known as osteoprotegerin, was up-regulated in the Mg-2Ag samples 
and in the Mg-10Gd samples. In the Mg-10Gd samples also the gene 
encoding for the antagonist protein, TNFSF11, was up-regulated. An 
up-regulation of ACP5, a marker of osteoclasts activity, was observed 
in the Mg-4Y-3RE samples. 

Transcription factors: The tissue samples harvested from both 
Mg-10Gd and Mg-4Y-3RE showed up-regulation of RUNX2 with 
high statistical significance (p<0.01).
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Gene group   Gene
BMP1 3 !    20.4 !    1.7 !    

BMP2 1.5 !    1.5 !    1.5 !    

BMP3 2.7 !   2 !   1.8 !   

BMP4 -1    -1.5 "   -1.1    

BMP5 2.7 !   1.7 !   1.1    

BMP6 1.2 !   1.3 ! 0.04 * 1.2 !     

BMP7 1.7 !   2 ! 0.04 * 1.7 !     

BMPR1A 2.4 !   2 !     1.6 !     

BMPR1B 1.9 !   -2.5 "     -2.2 "     

BMPR2 2.8 !   2 ! 0.02 * 1.5 !     

CHRD 2.2 ! 0.02 * 1.3 !     1.1      

NOG 2.4 ! 0.02 * 1.5 !     1.4 !     

TGFB1 1.3 !     1.1      1.2 !     

TGFB2 3.5 !     2.5 !     1.7 !     

TGFB3 3.1 ! 0.05 * 2.3 !     1.3 !     

TGFBR1 2.1 !     2.6 ! 0.00 ** 1.7 ! 0.00 **
TGFBR2 1.9 !     2 ! 0.01 ** 1.5 ! 0.03 *
TGFBR3 -1.1      -1.2 "     -1.1       

ANXA5 3.3 !   2.6 !   1.9 !   

BGLAP (OC) 2.1 !   2.1 !   2.1 !   

VDR 2.5 !     2.1 !     1.7 !     

CD36 -1.9 "   -1.4 "     -1.1      

CDH11 2.3 !     1.7 !     1.6 !     

FN1 2.9 !     1.6 !     1.3 !     

ICAM1 1.8 !     1.8 ! 0.01 ** 1.6 ! 0.01 **
IHH 1.2 !     -1.2 "   1.2 !     

ITGA2 2 !     2 !     1.4 !     

ITGA3 2.2 !     1.7 ! 0.03 * 1.5 !     

ITGAM 1.2 !     1.3 !     1.2 !     

ITGAV 1.9 !     2.1 ! 0.03 * 1.6 ! 0.04 *
ITGB1 1.8 !     1.5 !     1.3 ! 0.01 **
VCAM1 -1.4 "     -1.7 "     -1.4 "     

ALPL 3.2 !   2.2 !  1.8 !   

Mg2Ag Mg10Gd
Regulation P-value  

Mg4Y3RE

Cell adhesion

RegulationP-value  

Bone-mineral 
metabolism

P-value  Regulation

BMP/TGFB 
superfamily

Table 10. Gene expression in the Mg alloys samples compared to the Ti 
samples. Regulation is the fold-difference in the expression of normalized 
mRNA in the tests samples vs the control samples. The fold-change regulation 
threshold was set to 1.2. (arrows stands for: no difference in regulation). 
p-values threshold were set to *≤0.05, **≤0.01 and only p-values below 
that threshold are reported in the table. Genes with significant different 
regulation in at least one of the samples are in bold. Genes are arranged in 
groups, for ease of analysis. Trivial synonyms of gene names are reported 
in italic, within brackets. The intensity of the colour within the cells indicates 
the level of regulation. 

(Table 10 continues on next page)
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ALPL 3.2 !   2.2 !  1.8 !   

BGN 4.5 !   2.8 !  2 !   

COL10A1 -1.3 "     -1.4 "   -1.4 "     

COL14A1 5.3 !     1.4 !   1.4 !     

COL1A1 3.6 !     2.1 !     3 ! 0.04 *
COL1A2 3.7 !     3.4 !   3 !     

COL2A1 -1.1       2.4 !   -1.2 "     

COL3A1 6.8 ! 0.04 * 3.6 !   2.4 !     

COL4A1 4.1 !     2.7 !   2 !     

COL5A1 4.7 !     3.1 !   2.5 !     

COL6A1 4.1 !     2.4 !   2.1 !     

COMP 1.1      1.1    -1.8 "     

FLT1 2.3 !     1.8 ! 0.05 * 1.4 !     

CSF1 1.8 !     1.4 !   1.4 !     

CSF2 6.4 !     2.1 !   2.6 !     

CSF3 13.9 ! 0.02 * 2.6 !   2.4 !     

DLX5 2.9 !     2.4 !   2.1 !     

EGF -1.1      -1.2 "   -1.4 "     

FGF1 3.2 !   3.2 ! 0.01 ** 2.1 !     

FGF2 1      -1.5 "     -1.6 "     

FGFR1 2.7 !     2.3 !     1.9 ! 0.05 *
FGFR2 2.3 !     1.8 !     1.5 !     

GDF10 1.4 !     1.8 !   1.2 !     

IGF1 1.4 !     1.4 !   1.7 !     

IGF1R 1.5 !     1.1    1.1     

PDGFA 2.8 !     2.3 !   1.7 !     

SP7 3.2 !     1.6 !   2.3 !     

VEGFA 2.5 !     1.6 !   1.2 !     

VEGFB 1.7 !     2 ! 0.01 ** 1.4 !     

TNF 1.2 !     1.1    1.3 !     

IL10 11.6 ! 0.03 * 7 !     12.7 !     

IL6 10.7 !     2.3 !     3.6 !

ACVR1 2.4 !   1.6 !   1.5 !   

AHSG -2.5 "   -1.9 "   -2.1 "   

SOST 1.3 !     1.7 !     2 !     

SPP1 (OPN) 3.4 !     3.3 !     2.7 !     

TWIST1 3.5 !     2.8 !     2.2 !     

TNFSF11 
(RANKL)

2.6 !     2.3 ! 0.03 * 1.8 !     

ACP5 (TRAP) 2.5 !     1.6 !     2.7 ! 0.01 **
TNFRSF11b 
(OPG or RANK)

4.4 ! 0.02 * 3 ! 0.01 ** 4.1 !     

CTSK 2.5 !     2.8 ! 0.03 * 2.1 ! 0.02 *
MMP10 4.6 !     3.3 !     2.4 !     

MMP2 5.6 ! 0.01 ** 3.1 !     2.3 !     

MMP8 -2.8 "     -2.4 "     -2.6 "     

MMP9 1.7 !     2.1 !     1.4 !     

PHEX 2.5 !     2.5 !     2.2 ! 0.05 *

Protease inibition SERPINH1 3.8 !     2.9 !     2.1 !     

NFKB1 1      -1.2 "     -1       

RUNX2 2.3 !     2.1 ! 0.00 ** 1.7 ! 0.00 **
SAX9 2.7 !     1.9 !     1.6 !     

SMAD1 1.3 !     1      1       

SMAD2 1.2 !     1.1      1.1       

SMAD3 1.6 !     1.3 !     1.1       

SMAD4 1.3 !     1.1      1       

SMAD5 1.3 !     1.4 !     1.2 !     

GLI1 1.6 !     1.3 !     1.2 !     

Transcription 
factor

Inflammatory 
cytokine 

Protease

Osteoclast 
activation

Ossification

ECM

Growth factor

(Table 10 cont.)
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DISCUSSION

In the current thesis, four studies (Studies I-IV) investigated in vivo 
and with numerous analytical techniques the interaction of different 
magnesium-containing implants with bone in order to elucidate the 
effects of Mg in osseointegration of biomaterials in both healthy and 
osteopenic bone. 

In addition, in Study V, implants completely made of Mg as bulk 
material and intended as temporary implants for osthesynthesis 
applications, were tested in vivo to evaluate their degradation 
behaviour and the response they elicited in tissues. 

Rationale for performing in vivo test of biomaterials

Pitfalls in in vitro testing 
As aforementioned, bone and joint implants are placed in millions 
of patients every year with the aim of improving their health and 
quality of life. Considerable amount of research is performed 
constantly in order to optimize these devices and advance their 
clinical performances.

In vitro testing is an inexpensive and rapid method to evaluate the 
biological mechanisms of interaction of new materials with living 
cells and it is helpful in the characterization of bone-contacting 
materials356. In vitro studies provide essential information on 

The first principle is that you must not fool yourself 
and you are the easiest person to fool.. 

Richard Feynman (1918 – 1988), Noble Prize in Physics 1965
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cytotoxicity, genotoxicity, cell proliferation and differentiation and 
they are precious tools for initial material screening, in compliance 
with the ethical principles of replacement and reduction of animal 
testing356. 

However, many of the relevant clinical parameters cannot be 
reproduced in in vitro set-ups, even when co-cultures or small tissue 
culture are employed. These methods are mainly restricted to the 
examination of the response of individual cell lines or primary cells 
to materials and they give data on individual biological process, while 
they are not adequate for the investigation of the tissue response 
to materials. For example, in vitro models lack the depiction of 
the structural architecture of tissues and the complexity of certain 
functions, as vascularization, oxygen and nutrient supply, buffering 
systems, waste removal, etc357. 

In addition, the biochemical stimulation of paracrine and endocrine 
factors and the intercellular signalling are not well represented in vitro, 
making it difficult to study the influence of processes orchestrated by 
many cell types, like coagulation, inflammation, immune response 
and wound healing. 

Time is yet another issue with in vitro cultures, because of the short 
lifespan of cultured cells. A major limitation in the research of bone 
biomaterials is that loading conditions cannot be reproduced on cells 
and tissue cultures357. 

The currently standardized in vitro tests have even further 
flaws when it comes to the evaluation of biodegradable and ion-
releasing materials. One example of such erroneous test would be 
the traditional cytocompatibility test with extracts, which has been 
designed with first generation permanent implants in mind. This test 
is usually used as first screening for new biomaterials and it aims to 
verify the cytotoxicity of leachable species from material specimens. 
It consists in the preparation of extracts, according to the ISO 
190993:5 series, by the immersion of the tested material in a solution 
of electrolytes (or cell culture media), for a given time, usually 72 
hours. The extracts are then tested in contact with cells and cell 
viability is recorded. This test, despite of some values to evaluate 
toxicity of normal implants, is of absolutely no use to evaluate the 
toxicity of resorbable implants, in particular biodegradable metals, 
because the test set-up does not take into account the clearance of the 
degradation products that happens in vivo via the body circulation. 
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Extracts prepared from biodegradable metals under these test 
conditions are likely to have high concentration of ions and products, 
high osmolality and an unnaturally high pH and, thus, to negatively 
affect the cells under static culture358. A recent study demonstrated 
that none of those conditions occur in vivo, where the degradation 
products are likely to be quickly removed and excreted, diluting their 
local concentration, and where the pH is buffered efficiently359. The 
authors compared the pH, the osmolality and the Mg concentration 
in extracts obtained after 72 h incubation of pure Mg specimens 
and the condition obtained in living tissues (cortical bone and bone 
marrow of rabbits and rats), where identical Mg specimens where 
implanted for the same amount of time359. They observed that, 
while in the static culture media the pH increased from 7.40 prior to 
incubation to 8.75 after 72 h, in the tissues the pH remained constant 
before and after implantation. In addition, an increment of Mg ions 
concentration in vivo was found only in the medullary cavity of the 
femur and it reached a value of 1.1 mM after 72 h, compared to 
the 0.9 mM measured before implantation. The amount was very 
different in the media, where the Mg ions increased from 0.8 to 42 
mM during the immersion time. The same observation was found 
for osmolality, where enhancement was great in the culture media 
but not in the tissue or blood serum. It is obvious that in vitro tests 
may produce false positives of material toxicity, for materials that 
are non-toxic in vivo. Therefore, it has been suggested that extracts 
prepared from biodegradable metals should be diluted at least 6 to 
10 times before cytotoxicity evaluation359. 

Another problem reported for the in vitro test of biodegradable 
magnesium materials is associated with certain commonly used assays. 
For example, one of the most common colorimetric tests used to assess 
cell viability in cell cultures, MTT (3-(4,5-dimethylthiazol-2- yl)-2,5-
diphenyltetrazolium bromide) is based on a dye (tetrazolium), which 
reacts with Mg and produces false positive results of cytotoxicity360. 
Therefore, this method needs to be particularly adapted for the 
testing of Mg358. 

Furthermore, researchers working with the biological testing of 
Mg materials in vitro have noticed that the direct contact tests of 
the materials with cells have shortcomings358. The rapid changes 
that the degradable metals underwent immediately after insertion in 
the culture media hindered the correct adhesion of the cells seeded 
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on the samples surface. This drawback was overcome with the 
pre-incubation of Mg samples prior to cell seeding358. Despite this 
solution was helpful to study the direct interaction of cells with the 
material, it did not allow investigating the very initial cell contacts 
with the native and intact materials, as it would occur in vivo.  

For those reasons, in vivo animal models cannot as of yet be avoided 
in the path of development of orthopaedic and oral implants toward 
clinical use, in particular for biodegradable and ion-releasing 
implants357. 

Animal models in orthopaedic and oral implant research
Animal models represent the best resemblance to the physiological 
and mechanical environment of the human body, in a pre-clinical 
situation. They allow studying the effects of implanted materials 
on living tissues, both locally and systemically. A wide range of 
anatomical, structural, biomechanical, cellular and biochemical 
parameters can be monitored in the animals to gain information on 
material safety and integration. 

Yet, animals are just an approximation of the clinical setting 
and the possibility of translating information from animals to 
humans requires careful selection and design of the animal models, 
remembering that there is a great variability in the animal anatomy, 
physiology and biochemistry. 

The criteria for the selection of animal models are a reasonable 
similarity in anatomy and biochemistry to the human setting. 
However, other factors that influence the choice of animal models 
are ethical considerations, the ease of handling and maintenance, 
the tolerance to surgery, the resistance to infections and diseases, 
the costs and the possibility of observing numerous subjects over a 
relatively short amount of time357. Therefore, different animal models 
are suitable at different stages of material testing and no animal 
model is appropriate for all purposes357. 

Small animal models, as mice, rats and rabbits, offer the 
advantages of cost‐effectiveness, high accessibility and the availability 
of substantial biological information, including databases357. On the 
other hand, there are significant differences in the bone metabolism, 
bone remodelling and bone anatomy of rodents and rabbits compared 
to humans. For example, rats lack a Haversian canal system or they 
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possess it in low degree, which makes the bone less comparable to that 
of humans361. The rabbit has osteons, but it presents predominately a 
primary bone structure, with vascular canals running parallel to the 
long axis of bone357. Furthermore, both rats and rabbits present a 
much faster bone turnover compared to humans361 and rats preserve 
growing plates in long bones even at an adult age337.

These are still no reasons to discard small animal models in 
biomaterial research. Rats and rabbits models are usually selected 
for the in vivo testing of medical devices at the initial stages of 
development, to gain useful knowledge on tissue compatibility and 
material behaviour and to guide further material optimization4. 

The rabbit is still the most commonly selected animal model for 
musculoskeletal research, due to ease of handling and appropriate 
size of this animal357. The rat, on the other hand, is the elective 
animal model for the study of osteopenic and osteoporotic bone337. 
Osteoporosis-like conditions can be induced in the rats in a 
relatively short time through various methods, such as ovariectomy, 
administration of drugs (in particular corticosteroids), dietary 
manipulation or immobilization. Furthermore, extensive knowledge 
exists on the rat skeleton337. For instance, the removal of the ovary 
(oveariectomy) causes a decrease in bone mass in the rats that 
resembles that induced by oestrogen depletion in post-menopausal 
women337. Signs of osteopenia and osteoporosis are observed in 
the rats approximately 90 days after ovariectomy. Therefore, the 
ovariectomized animal model is particularly advantageous for 
investigating the biomaterials response in a situation that mimics 
the bone of osteoporotic women.

Apart from the dissimilarities in bone microarchitecture and 
metabolism compared to humans, the main limitation with rats 
and rabbits is the size and the amount of the implants that can be 
implanted. Therefore, when it comes to testing the final design of 
medical devices, larger animal models, like sheep, dogs, pigs, goats and 
even non-human primates, could be preferred357. They offer a greater 
similarity to humans in bone microstructure and metabolism than 
rodents, in particular regarding the bone remodelling. In addition, 
in larger animals, it is possible to implant devices of commercially 
available size and to test them in conditions that simulate the final 
applications362. 



169

Each of these animal models has some advantages and 
disadvantages. However, compared to small animals, large animals 
pose greater ethical issues and difficulties in handling and breeding, 
and their use should be limited to the evaluation of the performance 
of devices that have already gone through significant optimization 
and not during the initial screening of the materials357. 

Whatever animal model is selected as most suitable to test a new 
implant, the ethical cardinal principle that guides experimental 
research is to pursue the most humane possible treatment of the 
animals. That can be achieved applying the philosophy of the 
3 Rs while planning experiments in animals. The 3Rs stand for 
replacement, reduction and refinement, and they postulate that, 
whenever possible, alternative methods should replace animal testing, 
the animals used should be reduced to the lowest reasonable number 
and the experiment should be refined to minimize animal pain and 
discomfort and to maximize animal welfare363.

As a certain degree of variability is expected in the experimental 
results obtained from animal models, which are complex living 
systems, statistical methods are helpful tools to comply with the 
3Rs principle and to avoid acquisition of inclusive data. They serve 
first to determine the minimum number of animals required in the 
study to generate a meaningful outcome and, second, to extract the 
maximum number of information from the results obtained and to 
drag defensible conclusions. 

In the current thesis, a rabbit tibia model was used to test commercially 
available implants modified to locally release Mg ions in the peri-
implant bone (Studies I-III). On the other hand, an ovariectomized 
rat model was used to investigate how Mg release from implants 
effected the integration of titanium surfaces in compromised bone, 
with a rarefied structure (Study IV). 

In Study V, a rat model was used to evaluate the degradation 
behaviour and the consequent bone response of 3 recently developed 
materials intended for osteosynthesis applications. The utilization of 
mini implants in rats, and thus the harvesting of explants of small 
size, allowed us to study the bone to implant interfaces at very high 
spatial and elemental resolution with SRµCT. 
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The effect of magnesium release on the osseointegration of 
titantium implants
To test the hypothesis of an influence of Mg in the bone osteogenesis 
around permanent implants, a novel engineered coating, consisting 
of mesoporous titania, was utilized and loaded with Mg ions and 
tested in vivo. 

Mesoporous films are by definition, 3D matrices of interconnected 
pores with a dimension between 2 and 50 nm, which have unique 
advantages for local drug delivery364. 

The high surface area and pore volume of mesoporous frameworks 
enable the loading of substances in high amount, the discriminant 
being only the chemistry and the dimension of the chosen drugs333. 
The substances are immobilized through physical adsorption and 
the material acts as a reservoir for sustained release when it comes in 
contact with aqueous environment, such as the bodily fluids333. The 
ordered pore structure can easily be tuned to control the adsorption 
and release kinetics of drugs, just by changing the reaction parameters 
and the composition332. 

In the present thesis, the mesoporous layers were made of thin 
titanium dioxide (TiO2) with a cubic structure and pores facing out 
and they covered entirely the surfaces of titanium implants used 
as substrata. The composition of the mesoporous mixture and the 
speed of the spin-coating were selected from previous investigations, 
because they showed to form nearly scratch-free films with high 
degree of homogeneity333. The average pore size of the films was 
of 6 nm, as measured on SEM micrographs, and the pores were 
homogenously distributed over the entire surface and within the 
coating depth, which was approximately 200 nm. Such features are 
fundamental for the controlled adsorption and release of drugs333. 

One great advantage of using mesoporous coatings made of 
titanium dioxide is that they can be applied on titanium implants, 
due to the chemical affinity of the coating with the base material. 
Previous in vivo tests showed that mesoporous titania layers bond 
tightly to the underlining Ti substrate and are not removed or 
damaged by the friction with bone during insertion333,365. This is a 
very important aspect, as we have discussed that the delamination 
of coated surfaces and the dissemination of non-resorbable debris 
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at the implant interface may seriously compromise implant healing 
and risk causing failure of the osseointegration. In addition, it has 
been widely reported that TiO2 coatings have a very good corrosion 
resistance and are often used as corrosion-protective layers on various 
materials, a characteristic which contributes to the positive biological 
performance of these coatings366. 

In Studies I-IV of the current work, the mesoporous titania scaffolds 
served to deliver Mg ions directly at the site of implantation 
of permanent implants and, thus, to explore the potential 
osteoconductivity and bone regenerative ability of Mg in the relatively 
known set-up of implant osseointegration. The TiO2 layers offered 
the chance to physically adsorb Mg cations and, then, to release them 
in a sustained fashion after implantation.

Mg ions were loaded within the mesoporous frameworks by 
soaking in aqueous solution of MgCl2 at 1% for 1 hour. In contact 
with water, MgCl2 salt is quickly solubilized and it is a source of 
free Mg ions. The concentration of 1% was selected after it was 
determined that this concentration was optimal to induce Mg 
adsorption on the mesoporous surfaces. Higher concentrations of 
the MgCl2 were not suitable, because they attracted water on the 
mesoporous surfaces and did not allow sample drying. 

When mesoporous layers with different pore size were tested, it 
was found that those with pores with average size of 6 nm resulted in 
the highest amount of Mg loaded on the surfaces, compared to larger 
or smaller pores367. The same study, analysed the release profile of 
Mg from mesoporous layers, which was coated on the quartz crystal 
of a QCM-D instruments367. The authors confirmed that the release 
of Mg ions from the surfaces in contact with water occurred in a 
sustained fashion and not as a burst release, which was instead the 
release mode observed for non-porous samples exposed to Mg ions 
in the same way367. 

The same group of authors have tested the cytocompatibility of the 
mesoporous titania layers either loaded with Mg or as native titania 
both with a commercial cell line and with primary cells, as suggested 
by the ISO standards 10993:5. They found that the viability of 
both human foetal osteoblasts and adipose-derived stromal primary 
cells at different time points was not negatively affected neither 
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by the mesoporous layers nor by the release of Mg, compared to 
controls368,369. On the contrary, the release of Mg from mesoporous 
films showed osteoconductive potential, displayed by the flattened 
morphology and the better developed lamellopodia of osteoblastic 
cells on mesoporous surfaces with Mg compared to Ti controls365. 
In addition, Mg release from mesoporous matrices enhanced the 
expression of osteogenic markers in stem cells and fastened their 
differentiation in active osteoblasts366.

These promising in vitro results prompted us to further test the 
mesoporous titania surfaces with Mg in animal models. 

In the present work, the successful loading of the coated implants 
with Mg was confirmed by chemical characterization of the surfaces 
with EDX. Mg was detected within the surfaces of the test samples, 
but not in the controls. Together with Mg, the spectra of Ti, O and 
C were detected on the implant surfaces. The concentration of Ti 
and O is representative of the TiO2 composition of the layers, while 
the relatively high C content (between 5 and 9 atomic %) is within 
the normal level of non-carbon-containing samples measured with 
this technique. 

In a previous study, Cecchinato and colleagues determined by XPS 
analysis the incorporation of Mg ions into identical mesoporous 
titania layers coated to Ti discs368. The authors found 8.6 atomic% 
of Mg in the loaded mesoporous coatings. Interestingly, the same 
authors detected the presence of Cl ions on the surfaces, a probable 
remnant of MgCl2 salts deposited on the surfaces. This finding was 
not confirmed by the EDX analysis in the present studies and it is 
expected that only Mg ions were adsorbed in the mesoporous films, 
due to the electrochemical interaction between the positive ions and 
the slightly negatively charged TiO2 matrix. 

To be able to isolate the in vivo effects of Mg from those of other 
surface features, as micro- and nanotopography, it was important 
to thoroughly characterize and compare the surfaces of the test 
and control implants. Therefore, the specimens in our study were 
investigated with optical white light interferometry (IFM) and atomic 
force microscopy (AFM). 
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It was observed that the loading of Mg did not considerably affect 
the surface microtopography, as measured with IFM. The surfaces 
of the implants used in the current thesis (Studies I-IV) can be 
considered to be in the minimally rough range (Sa≈0.25 µm and Sdr≈7-
13%) and the topographical parameters studied were comparable 
between the test and control samples. The parameters investigated 
with IFM provided a 3D description of the surface topography. For 
our purpose, a height parameter (Sa), a spatial parameter (Sds) and 
a hybrid parameter (Sdr) were selected. The combination of these 
parameters has been suggested to be relevant for a proper description 
of topography of implant surfaces335. 

However, differences in nanotopography between the Mg-loaded 
samples and the native mesoporous were highlighted by the AFM 
analysis in the smallest scan areas. For example, the difference in 
average Sa between the control and the test surfaces was 0.54 nm 
when 1-µm2 scan areas of the samples were recorded, while it was 
0.27 nm when 0.25-µm2 scan areas were recorded. Similarly, the 
difference in average Sdr was of 1.35% and 2.35% at the two scan 
areas, respectively. In both cases, the control surfaces had slightly 
larger values than the test ones and the difference was statistically 
significant. These very small differences could be detected because of 
the very high vertical resolution (0.18 nm) of the AFM instrument, 
which is unmatched by other techniques, in addition to the very 
high lateral resolution, owing to the small scan areas. Despite these 
differences were statistically significant, it is not clear on what role 
they actually have on the cellular behaviour. 

One reason that could explain the change in nanotopography for 
the Mg-loaded samples is that Mg ions could have been adsorbed on 
top of mesoporous surfaces and not only within the porous matrix, 
which could have slightly modified the topography of the oxide layer. 
Other investigations have shown that TiO2 surfaces modified with 
Mg had a considerably thicker oxide layer (3 times thicker) than 
native TiO2

370. However, the Mg adsorbed on top of the surfaces is 
expected to be released immediately after the contact with aqueous 
environment and, thus, the change in nanotopography is speculated 
to be only transient. 

The difference of nanotopography was not observable on SEM 
micrographs, which showed identical surface morphology of the test 
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and the control surfaces even at the highest magnification, indicating 
that the influence of Mg loading on surface morphology could be 
negligible. However, the SEM technique does not provide information 
on the vertical direction of the surface features. 

The peri-implant bone response to the local release of Mg ions was 
investigated after 3 and 6 weeks of healing in rabbit bone, by means 
of various analytical techniques. 

A positive influence of the increased local availability of Mg was 
observed with the biomechanical testing at the 3-weeks observation 
(Study I): significantly higher strength was required to break the 
interface between Mg loaded implants and the bone, compared to 
the TiO2 controls. 

It is not the first time that implants with surfaces doped with Mg 
ions showed higher biomechanical interlocking than non-loaded 
surfaces. Sul and colleagues tested turned implants doped with Mg 
in the rabbit tibia and found that they yielded higher RTQ values 
than pure titanium surfaces82,279,370,371. Similarly, Cho and coworkers 
observed higher reverse torque measurements for microrough surfaces 
loaded with Mg than for non-loaded controls281. A common finding 
in these studies was that surfaces with an atomic concentration of 
Mg close to 9% yielded the best outcome in bone regeneration. This 
concentration is very similar to that achieved on cubic mesoporous 
titania surfaces, as those used in the present studies368. 

However, the mentioned works attributed the improved mechanical 
interlocking of Mg implants as evidence of the biochemical bonding. 
In the current investigation, we tested the hypothesis that the Mg ions 
released in the peri-implant sites could stimulate a local osteogenic 
environment (Study II). In fact, it was found that in the peri-
implant bone of the test implants, collected after the biomechanical 
examination, a number of osteogenic markers were up-regulated. In 
particular, the expression of RUNX2, OC and IGF1 was significantly 
up-regulated in the test group. All three markers are related to 
osteoblast differentiation and bone formation. 

RUNX2 is a transcription factor that is essential for the proper 
spatial and temporal development of osteoblasts. Mice deficient 
for this factor do not possess skeleton and are not able to replace 



175

cartilage with bone372. RUNX2 functions as intracellular messenger 
and it is responsible for the initial commitment of mesenchymal stem 
cells toward the osteoblastic lineage, while its expression diminishes 
in mature osteoblasts373. 

RUNX2 is also responsible for the expression of important proteins 
for bone formation, such as osteocalcin (OC), bone sialoprotein 
(BSP) and collagen type I374,375. OC was one the genes of which we 
investigated the expression and it was, together with RUNX2, nearly 
2.5 times more transcribed in the tests compared to the controls. 

OC is one of the non-collagenous proteins present in bone and it 
is considered an osteoblast icon, since it is produced only by this cell 
type376. It is responsible for matrix mineralization, because it guides 
the formation of apatite crystals, with its 3 Ca-binding sites. In studies 
on fracture healing it was found that OC was expressed only at the 
stage of hard callus formation, while it was absent during the initial 
healing phase, when the fracture space was filled by soft osteoid377. 
Its role in bone mineralization could explain why the Mg-implants in 
the current work were significantly better anchored to the bone than 
controls. The strength of the mineralized bone around test implants 
could have been enhanced by the presence of Mg ions, which induce 
higher production of OC by cells and, at the same, contributed to 
hydroxyapatite crystal formation.

The expression of a third gene was significantly enhanced in 
Mg-releasing implants and that was IGF1. IGF1 is a growth factor 
that acts in many tissues in endocrine, paracrine and autocrine 
manner. It has a prominent role in osteogenesis, as a mitogen factor 
for osteoblasts and it is involved in bone growth and endochondral 
ossification378. One key aspect is that influences mitochondrial 
activity in mesenchymal stem cells (MSC) and, thus, the ways these 
cells produce energy, which is a decisive factor for their differentiation 
toward either the adipose or osteoblastic lineages379. 

Another gene encoding for a protein involved in energy utilization 
within cells, the ATP2A1, was considerably more expressed in the 
Mg samples compared to the Ti samples.  Many other genes were 
differentially regulated in the 2 groups, although the difference was 
not significant.

The fact that Mg release from mesoporous titania could favour 
the osteogenic differentiation of MSC cells was confirmed by an 
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in vitro study in which adipose-derived stem cells were cultured in 
contact with mesoporous-coated discs with and without addition 
of Mg369. The qPCR analysis revealed that osteocalcin, osteonectin 
and, in particular, osteopontin, were up-regulated when cells were in 
cultured in the presence of Mg369. All these 3 markers are involved in 
Ca-binding and matrix mineralization and their increased expression 
might explain the enhanced biomechanical behaviour of the Mg 
implants, as displayed in the RTQ test after 3 weeks. 

The histological examinations of the samples revealed that 
successful new bone formation occurred around all implants. The 
implant threads were filled by new bone, which was distinguishable 
from the old bone due to a more immature and disorganized 
morphology, with larger osteocyte lacunae and higher staining 
affinity. 

The histomorphometrical measurements did not highlight 
statistically significant differences in bone-to-implant contact (BIC) 
or bone area (BA), between the test and the control samples. These 
parameters were investigated only in the 3 most coronal threads of 
the implants in both Studies I and II, due to the conformation of the 
rabbit tibia, which has a thin and dense cortical layer embracing 
a large medullar canal. However, the surgical trauma and the 
implant insertion stimulated an endosteal reaction and new bone 
was deposited in threads that were not in contact with bone at 
the time of implant insertion. This kind of creeping behaviour of 
the bone was more pronounced for the test implants, in which the 
number of threads filled by new bone were usually higher than in the 
controls. This finding could suggest that Mg release might increase 
the osteoconductivity of the mesoporous surfaces. 

The ability of Mg to promote cell adhesion to different substrata 
has been widely documented277. Cells cultured onto Mg-enriched 
surfaces displayed increased adhesion of pseudopodia to substrata254 
and fibroblastic cells cultured onto Ti surfaces treated with Mg had 
a much stronger attachment to the base materials380. The cells on the 
treated surfaces developed more actin filaments, lamellopodiae and 
cytoplasmic vinculin, all signs related to adhesive phenotype of the 
cells.  

The extensive encapsulation of the Mg specimens in bone could 
explain the stronger biomechanical interlocking of this group of 
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implants compared to the controls, but another hypothesis was that 
the bone around test implants was more matured and mineralized. 
To test this hypothesis we applied an analytical technique recently 
introduced to study bone-implant samples, the diffraction enhanced 
imaging (DEI)381. 

DEI can be helpful to shed light on the mineralization of bone 
around implants, because it unifies X-ray absorption and on 
ultra-small angle X-ray scattering, which occurs when X-rays pass 
through a sample. Therefore, the images have additional contrast 
than conventional absorption images, due to the refraction, and can 
better highlight differences in bone maturation, such as woven bone 
and mineralized bone, than other techniques349. In previous studies, 
DEI was employed to evaluate bone healing around metal implants 
350,351. In addition, DEI was successfully used to study the propagation 
of micro-cracks in bone348. 

In the current thesis, DEI was performed on bone-implant samples 
prepared as histological slices, but with a thickness of 100 µm. The 
spatial resolution in our set-up was 50 µm, which is not enough to 
determine the bone-to-implant contact. However, it was possible to 
evaluate the density of the bone around the implants and to observe 
that the bone formed within the thread had a similar density and 
absorption of the old bone. On DEI, it was confirmed that test 
samples underwent enhanced endosteal reaction, with more new 
bone formation. 

Overall, it could be concluded that the release of Mg from mesoporous 
titania implants induced a greater encapsulation by new bone, 
probably more mineralized, and an osteogenic environment after 3 
weeks of healing. 

However, it was of interest to evaluate if the initial burst in healing 
resulted in the difference in osseointegration at longer healing times, 
without eliciting adverse effects. 

Therefore, we examined the anchorage of the Ti implants coated 
with mesoporous titania and loaded with Mg ions compared to that 
of mesoporous surfaces without magnesium in the tibiae of rabbits, 
after 6 weeks of healing.

At this healing time, we did not find a statistically significant 
difference in RTQ values for the test and the control groups. The 
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RTQ values were in general lower than at 3 weeks, probably because 
at 3 weeks, the primary stability was still playing an influence in the 
reverse torque values. At 6 weeks, the bone remodelling process had 
removed the original bone, responsible for the primary stability.

The gene expression analysis revealed that most of the genes tested 
were, at this time, very poorly expressed compared to the reference 
genes. Among these genes, there were osteoblastic proliferation and 
differentiation markers (BMP2, RUNX2, IGF1, ALPL), adhesion 
marker (ITGB1), osteoclastic markers (CALCR, ACP5) and 
inflammatory cytokines (IL6, IL10, TNF). No significant differences 
in expression was noted for these genes between the test and the 
control samples, except for ALPL, which was slightly less transcribed 
in the test group compared to the control.

On the contrary, three of the investigated markers were very highly 
expressed both in the test and the control samples. Those were collagen 
1 alfa 1 (COL1A1), osteocalcin (OC) and osteopontin (SPP1) and 
their expression was several orders of magnitude higher compared to 
the other genes. OC and COL1A1 were significantly up-regulated in 
the test compared to the control. We have already mentioned the role 
of OC in bone, which is that of guiding matrix mineralization. It is 
known that OC is highly produced in the latest phases of osteoblast 
differentiation, which occurs approximately 3 weeks after the 
proliferation phase382-384. We have previously observed that in the 
presence of Mg, the up-regulation of OC occurred already at 3 weeks 
in vivo, while the controls displayed the burst of expression at 6 
weeks. This could suggest that the Mg implants fastened the healing 
phase, leading to a quicker osteoblast proliferation, differentiation 
and then matrix mineralization. This hypothesis is supported by 
the observation that almost all the osteogenic markers tested were 
up-regulated at 3 weeks around Mg samples. 

However, it seems that with the progression of healing and 
osseointegration, the influence of Mg doping diminished and the 
performances of both implant groups became similar. This could 
be attributed to other characteristics of the mesoporous surfaces, 
which made it an interesting coating. An in vivo investigation 
showed that mesoporous TiO2 layers were strongly anchored in 
bone, compared to non-porous controls, even without the addition 
of bioactive substances333. This was attributed to the TiO2 chemistry 
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and the nanoporosity of the films. We have already discussed that 
TiO2 outer layer is essential for the biological performance of Ti and 
that the TiO2 nanotubes induced favourable cell reactions59. A further 
advantage of the mesoporous films is its high degree of porosity. One 
speculation is that the TiO2 pores can adsorb molecules and ions from 
the body fluids, such as growth factors or Ca2+, and increase the local 
concentration of these factors on the implant surfaces333,369. One in 
vitro experiment showed that apatite formation in simulated body 
fluid is much higher on mesoporous titania than on native titanium 
and that the apatite formation within the pores of the mesoporosus 
matrix increased the mechanical interlocking of these surfaces with 
the bone333. Another potentially positive feature of mesoporous 
titania is that they are mainly formed of oxides in anatase phase, 
which is proven to induce a pro-active response from osteoblasts 
compared to amorphous Ti oxides385. 

Some researchers managed to visualize the 3D elemental 
composition of the interfaces between bone and mesoporous titania 
implants atomically resolved using atomic probe tomography84. 
They found that Ca ions were in direct contact with the mesoporous 
surface and even within the matrix and they created an inorganic 
interface of several nm with the mesoporous film84. 

The potentially favourable chemistry of mesoporous films and 
their ability may explain for the fast and tight encapsulation of these 
implants by new bone for both the test and the control surfaces at 6 
weeks of healing. In fact, native mesoporous coatings has the potential 
to act as reservoirs of endogenous factors, which can be adsorbed into 
the structure of pores and then released, with the result of creating 
a gradient of growth factors close to the implant surfaces369. For 
example, the expression of COL1A1 was extremely high in both 
groups, when compared with the reference genes, which suggests 
that mesoporous surfaces are successful in stimulating osteogenesis in 
the peri-implant bone. Furthermore, the histological slides displayed 
mature bone, with of lamellar type, around all implants after 6 weeks 
of healing. The bone was in direct contact with the surfaces and the 
BIC had increased compared to the 3-week observations. Despite no 
statistically significant differences were identified between tests and 
controls, notable trends of higher contact for the test samples were 
found. 
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The performance of the tested surface modification resembles 
that of other surface technologies applied in oral implantology, as 
the modification of the SLA® surface from Straumann (Institute 
Straumann, Basel, Switzerland) to obtain high surface hydrophilicity, 
later introduced in the market as SLActive® surface. In vivo studies 
documented the ability of the SLAactive® surface to increase the 
bone-to-implant contact rates of implants at early time points, 
compared to the SLA surface®386,387. However, the performances of 
the two surface types were comparable at 8 weeks of healing386,387.

Such surface modifications that enhance the encapsulation of the 
implants in bone shortly after implant installation are of interest in 
implantology, because they allow the shortening the healing time for 
patients and they decrease the risk of implant micromotion during 
the first weeks of healing. 

In previous investigations, mesoporous titania have been used on 
titanium implants as reservoirs for anti-resorptive drugs (raloxifene 
and alendronate), with the purpose of obtaining an enhanced 
osseointegration performance in osteoporotic sites. This set-up 
provided a sustained release of the drugs directly at the healing site 
and resulted in increased bone anchorage in vivo213,214. However, 
the use of bisphosphonates raised some concerns due to the severe 
adverse effects reported for this class of drugs in the jaws. 

We hypothesised that Mg could be a better alternative to these 
drugs as a bioactive agent within mesoporous surfaces, especially in 
compromised bone sites. The idea of using Mg in site of osteopenic 
or osteoporotic bone stemmed from the observation that Mg-coated 
implants fastened the osseointegration of implants, which could 
be beneficial in case of low density bone, to decrease the risk of 
micromotion. In addition, Mg enhances the bone mineralization, 
increases bone strength and stimulates osteoblast proliferation and 
function. 

Therefore, mesoporous surfaces were used to deliver Mg ions in 
the site of peri-implant healing and an in vivo study employing an 
osteoporotic rat model was performed.

We found that the enrichment of Mg ions on the titanium dioxide 
surfaces resulted in a significant increase in woven bone formation 
during the first week of healing. This was in accordance with other 
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reports, suggesting the positive effects of Mg in the osseous fixation 
of implants in osteoporotic bone284. 

The novelty of our study was that we attempted to elucidate the 
molecular pathways that led to this enhanced bone formation by 
analysing the expression of genes involved in osteogenesis. We found 
a statistically significant up-regulation of BMP6 in the test specimens 
and a concomitant change in expression of several markers that have 
a role in osteogenesis. Despite the different expression levels, no 
statistical significance was evidenced for these makers, probably due 
to the small sample size, which was selected in accordance with the 
reduction principle. 

Anyway, the observation that the effects of Mg on bone healing 
could be mediated by BMP6 regulation was of some interest. BMP6 
belongs to the family of bone morpohogenetic proteins and it has a 
well-known role in osteogenesis. However, a peculiarity of BMP6 
among the other BMPs is that it has a functional relationship with 
17β-estradiol (E2), the oestrogen sex hormone that is diminished 
in post-menopausal women. Reduced levels of this hormone are 
commonly associated with post-menopausal osteoporosis and 
reduced bone regeneration capacity198 and one of the pathways 
that governs this relationship is the decrease in the expression of 
BMP6388. The expression of BMP6 in foetal osteoblast cell lines is 
dependant on the E2 levels389. It is known that oestrogen deficiency 
favours osteoporosis through a diminished control over osteoclast 
formation and activity that results in bone loss390. But oestrogen 
deficiency elicits also a reduction in the bone regeneration capacity, 
probably as a consequence of the decreased expression of BMPs, and 
especially Bmp6388. 

This functional relationship has prompted researchers to employ 
BMP6 in the treatment of osteoporosis, both locally and systemically. 
Remarkably, the systemic administration of BMP6 to ovariectomized 
rats restored the bone volume and the bone mechanical characteristics 
at a level comparable to those of healthy controls388. Similarly, the local 
stimulation of this marker through the implantation of genetically 
modified stem cells resulted in considerable bone regeneration in 
critical size defects391. 
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However, we have mentioned that some concerns exist regarding the 
systematic or local administration of BMPs, considering that the safe 
dosages are not clear198. 

The possibility of boosting the endogenous production of BMP6 
through the local administration of Mg ions is of significant interest, 
since this might be a safe and relatively inexpensive way to obtain an 
anabolic response in osteoporotic bone sites.  

Another important marker that was up-regulated in the Mg 
samples was the vascular endothelial growth factor A (VEGFA), a 
growth factor for endothelial cells. This could represent a further 
benefit of Mg doping of surfaces designed for osteoporotic bone, as 
the stimulation of angiogenesis and re-vascularization contributes to 
a rapid encapsulation of implants in bone. We have already discussed 

Figure 54. Schematic illustration of the effects of Mg on the expression of key 
genes in osteogenesis. The expression of BMP6, a growth factor for bone 
cells, is usually dependent on the presence of estrogens (E2). However, in our 
study it was found that also Mg could significantly stimulate the expression 
of this marker. Mg affected also the expression of other markers necessary 
for bone formation. One is VEGFA, which helps the commitment of the MSC 
toward the osteoblastic lineage instead than toward the adipocytes. Another 
is DLX5, which is a marker for proliferation of osteoblast precursors.
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that an indirect cause of osteoporosis is the reduced vascularisation 
and that Mg supplementation269, stimulating the proliferation of 
endothelial cells, helps reducing osteoporosis268. In addition to its role 
on endotelial differentiation, osteoblasts-produced VEGF has been 
identified as a potentially crucial factor to induce the differentiation 
of MSC to osteoblasts instead that to adipocytes, working with an 
intracrine mechanism392. Knock-out mice for this factor did show 
osteoporotic bone and higher amount of fat cells in the bone marrow, 
as compared to normal individual392. This finding suggests another 
mechanism that leads to on-set of the osteoporotic conditions in 
patients. It was interesting to find that in the current study, the 
addition of Mg onto implant surfaces stimulated the expression of 
this gene too and that might explain why new bone formation was 
observed for these samples (Figure 54). 

In the histological image in Study IV, it was possible to appreciate 
a similar healing progression in the test and the control samples. 
However, a slightly higher attachment of flattened fibroblastic-like 
cells was noted at the very early healing times to the Mg surfaces, 
compared to the controls. At 7 days of healing, the initial difference 
in the morphology of the cells attached to the surfaces of the Mg 
group had become a statistically significantly higher percentage of 
bone filling in the periimplant area for these implants, compared to 
the controls.

The faster attachment of cells onto implant surfaces and the 
consequent faster encapsulation of the implants in bone is particularly 
important in those cases where the bone quality is lower, because they 
are at greater risk of micromotion at the early healing times. Therefore, 
Mg-releasing surfaces, which enhance the bone regeneration rate and 
the osteogenic environment in osteoporotic-like conditions, might be 
a promising treatment designed to increase the implant integration 
in osteoporotic patients. 

In addition, the elucidation of the healing pathways stimulated 
by Mg in osteoporotic bone is helpful to guide the development of 
optimized solutions for this category of patients, which suffers more 
complications than healthy patients. This is important not only for 
the substitution of joints or for oral implants, but in the management 
of fractures and bone defects in patients with osteoporosis. As a 
matter of fact, osteoporosis not only increases the risk of fracture, 



184

but it also complicates the handling of it and it poses problems in 
fracture fixation393. Particularly high is the risk of non-union fractures 
in osteoporotic patients and the choice of the implants is crucial393. 
Devices that enhance the healing pathways are advocated for the 
treatment of patients with osteoporosis. The positive effects of Mg 
release highlighted in the current study reinforce the belief that Mg 
could be an optimal candidate for fracture fixation in osteoporotic 
patients.

Therefore, part of this thesis work was dedicated to study further 
the properties of Mg as a promising bulk material for temporary 
osteosynthesis devices. 

Biodegradation of magnesium-based implants
The performance of 3 Mg alloys designed for skeletal applications 
was tested in a rat tibia and femur model with respect to their 
biodegradation behaviour and their bone integration. Titanium was 
used as reference material in terms of osseointegration and tissue 
response. 

The 3 alloys selected were Mg-2Ag, Mg-10Gd and Mg-4Y-3RE. 
The latter alloy has a similar composition to the so-called WE43, 

property of Magnesium Elektron (Manchester, England), and it 
was selected for this thesis for comparability purposes, because it is 
one of the Mg alloys that has been more extensively investigated in 
vivo, both in the bone and in the cardiovascular system394. The main 
difference between our alloy and WE43 is that the latter contains Zr 
up to an amount of 0.4 atomic%, while Mg-4Y-3RE does not. 

WE43 is one alloy of the WE-group, i.e. Mg alloys containing Y 
and RE. RE elements are a group of 17 elements, which includes the 
lanthanide elements with atomic number from 51 to 71, plus yttrium 
(Y) and scandium (Sc). They are potential candidates for Mg-alloys, 
as alternative to Al, for their ability to improve creep resistance, 
ultimate tensile strength (UTS), yield strength (YS) and, to certain 
extent, corrosion, when grain refinement is obtained70. In our specific 
case, the RE contained in the Mg-4Y-3RE alloy was Y, Nd and Ce. 

However, despite the fact that WE43 and WE-systems never 
displayed either cytotoxicity in in vitro tests, or allergenic effects or 
tissue toxicity in animal experiments395, some concerns persist. They 
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are related to the Y content and to the fact that these alloys can 
contain an unspecified amount of elements of the RE group. 

In general, very little it is known about the toxicity of RE. They have 
not shown adverse effects when administrated at low concentration in 
cell cultures, however they increased the expression of inflammatory 
markers at higher doses396. In particular, Y is questionable, due to 
the potential hepatotoxicity of this element. Therefore it is desirable 
to find alloys with similar mechanical and in vivo performances to 
WE43, but that do not include either Y in their composition, or an 
unspecified mixture of RE394. 

For that reason, in the present thesis, 2 Y-free Mg alloys were 
proposed as alternatives. They were Mg-10Gd and Mg-2Ag. Their 
outcome in bone was compared to that of Mg-4Y-3RE. 

Among the RE, gadolinium (Gd) is an element with high solubility in 
Mg and it can be used to create alloys with a mechanical profile that is 
relatively easy to adapt to the requirements of bone implants397. Table 
11 illustrates the mechanical profile of the studied alloys and those 
of the bone and of other commonly used materials in orthopaedics.  

Table 11. Mechanical properties of the studied alloys in comparison with 
those of high-purity (h.p.) Mg, cortical bone and of some of the materials 
used for osteosynthesis devices today (ASTM = American Society for Testing 
and Materials). Adapted from324,397

Material Density
[g/cm3]

Elastic
modulus  

[GPa]

Ultimate 
Tensile  

strength 
[MPa]

Yield 
Strength  
[MPa]

h.p. Mg 1.74 45 90-190 20-115

Mg-2Ag, T4 1.76 44 168 160

Mg-10Gd, T4 1.87 43 127 69.1 – 85.4

Mg-4Y-3RE, T4 1.84 44 277 198

Cortical bone 1.8 – 2.0 5-23 283 240

c.p. Ti, grade IV 
(ASTM-F67)

4.5 105 550 482-655

Stainless steel 
(316L)

7.9 193 558 290

PGA 1.5 – 1.7 6 - 7 55 60 – 99.7
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The toxicity of Gd is controversial, although Gd is already commonly 
employed in clinical practice as contrast agents for MRI398 and as 
antineoplastic drugs399. The intraperitoneal injection of GdCl3 was 
reported to have a LD50 dose of 500 mg*kg-1 in mice, while the LD50 
was 300 mg*kg-1 for Gd(NO3)3

400 and these values attest that Gd acute 
toxicity is actually moderate. In addition, cytocompatibility tests with 
osteoblasts demonstrated that this element does not interfere with the 
viability of these cells, in contrast with Y401. 

Nevertheless, in the form of contrast agent, Gd has been associated 
with some cases of nephrogenic systemic fibrosis in dialyzed patients 
and it has been questioned402. 

However, this does not seem a reason to exclude it unconditionally 
as a candidate for temporary bone implants. It should be noted that 
the Gd exposure resultant from biodegradable implants in bone 
would be significantly lower than that occurring from Gd-based 
contrast media. Furthermore, there are evidences showing that Gd 
has a certain affinity for bone, probably due its chemical similarities 
to calcium403. Thus, it is speculated that the distribution of this 
elements in systemic organs would be very slow and it would remain 
at safe levels during the entire implant degradation and subsequent 
bone remodelling404. 

Therefore, Gd was judged as a suitable element for biomedical 
alloys, with advantages over Y. Mg-10Gd was selected as one of the 
alloys to test in the current thesis, because it displayed the lowest 
degradation rate in vitro, compared to other Mg-Gd compositions 
(Mg-5Gd and Mg-15Gd, for examples)397. 

The third alloy selected in the current thesis was Mg-2Ag. Ag has been 
suggested as an alloying element due to its anti-bacterial properties, 
which may help reducing the risk of peri-implant infection.

The history of Ag as antimicrobic agent is very old and this 
element is still largely used in a variety of medical applications, such 
as cosmetics, antibiotics, wound dressings or as an additive in other 
medical devices, both in the form of alloy element or of nano-sized 
particulate405. Therefore, exposure to silver occurs via numerous 
ways and it is common and, within certain dosages it does not seem 
to pose major risks for health. High exposure to Ag (in the order 
of grams) provokes a condition called argyria or argyrosis, which 
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consists in the deposition of insoluble Ag compounds in skin and 
tissues without observable pathological damages405,406. 

Various compositions of Mg-Ag were tested in vitro and Mg-2Ag 
displayed the best cytocompatibility and antimicrobial activity407,408. 
Mg-2Ag did not negatively affect cell viability in long-term cellular 
cultures408. However, Ag mildly increases the vulnerability of Mg 
to corrosion, because it is a noble metal compared to Mg (standard 
electrode potential of +0.80 V vs -2.37 V of Mg). For that reasons, 
Mg-Ag alloys need to be heat-treated and aged, to possess better 
degradation performances407,408. 

One of the advantages of selecting binary systems in experimental 
investigations is that it allows discriminating the influence of one 
element at the time on Mg corrosion and it simplifies the modelling 
of the process. This is important because, as discussed, many 
parameters, others than the elemental composition, are influential 
for the degradation profiles and the individual role of each parameter 
can be more easily isolated in simple systems. The results can, then, 
guide the future selection of alloying elements.

Material characterization was performed prior to implantation 
to identify the material microstructure. Microstructure is crucial 
in determining both the material properties and the corrosion 
behaviour. In particular, the presence of phases, the intermetallic 
particles and the grain size are relevant for the alloy performance. 
The presence of intermetallic precipitates is generally deleterious 
for corrosion resistance, because the intermetallic matrix is usually 
less electronegative than Mg and it can activate galvanic corrosion 
within the alloys409. However, fine precipitates contribute to material 
strength (ultimate yield strength), in a process called precipitation 
hardening, because they impede the movement of dislocations and 
defects within the alloy. Therefore, a certain trade-off between the 
presence and the absence of intermetallics is made when designing 
the alloys to obtain the desired properties. 

Regarding the grain size, it is commonly accepted that finer grains 
improve the corrosion resistance of the alloys, at least because they 
induce a homogenous, rather than localized, corrosion410. 
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Both these parameters, grain size and intermetallic phase 
distribution, can be intentionally controlled up to a certain extent 
with several strategies. For example, heat treatment and aging can 
determine volume fraction and distribution of intermetallic phase in 
the alloy matrix, while plastic deformation, extrusion and rolling can 
affect both the grain size and the phase distribution. 

However, the relationship between the microstructure and Mg 
corrosion is not completely elucidated and controversial results are 
found in literature, making it difficult to tailor alloys with a desired 
behaviour. For instance, some studies indicated that hot extrusion 
and grain refinement of AZ31B alloy improved the corrosion 
resistance411, while others showed the opposite412-415. 

Another problem is that many of the processing steps that led to 
the final implantable manufacture can induce unintentional changes 
of material microstructure. The changes in microstructure, in turn, 
may give origin to very different degradation results for alloys with 
identical nominal composition, making it impossible to draw relevant 
conclusions on the studied materials309. Many in vivo paper as of 
today lack the information on the real microstructure and phase 
distribution of the final implants placed in the animals, neglecting 
the influences of these factors on the corrosion behaviour and they 
have generated manifold results for the studied alloy systems309. For 
those reasons, researchers in the field of Mg degradation should be 
encouraged to always perform and report material characterization 
on the final manufactures used for in vitro or in vivo testing.

The alloys studied in the present thesis had different phases within 
the bulk material and a certain inhomogeneity in microstructure. 
They showed presences of small particles, along the extrusion 
direction visible on the SEM images and, to some extent, also on the 
µCTs of the implants. The particles in Mg-10Gd and Mg-4Y-3RE 
were ≈ 5 µm in size, while the particles in Mg-2Ag were much smaller and 
aggregated preferentially in some areas of the alloy. They were analysed 
with EDX and it was found that, in Mg-2Ag, they were mainly 
Mg-Ag intermetallic compounds, plus presumably some oxides. In 
the case of Mg-10Gd, they were likely to be GdH2 and intermetallic 
phase of Mg5Gd. In the case of Mg-4Y-3RE, these particles had an 
unexpectedly high concentration of Nd and Ce, and probably they 
were intermetallic particles of Mg12Ce and Mg41Nd5. This means that 
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the alloying elements were not completely dispersed in solid solution 
within the alloys, but in part, they were consumed in intermetallic 
phases and oxides and hydrides. Solid solution treatment by means 
of T4 heat treatment had been performed after casting to reduce 
the intermetallic particles and afterwards the alloys underwent hot 
extrusion after casting and then rapid cooling. However, the particles 
still persisted after these treatments. 

Mg-2Ag had the largest grain size and it was, in fact, also the alloy 
with the fastest degradation after 3 months in bone. One possible 
explanation is that the degradation may have occurred preferentially 
at the grain boundaries, due to the galvanic coupling between the 
Mg-rich matrix within the grains and the cathodic sites between the 
grains, and it may have led to the loss of entire grains (Figure 10c)416.

However, the grain size was not the only difference among the 
alloys. They possessed also impurities in different amounts. It is 
known that the degradation behaviour of Mg depends greatly on 
the impurity content of the bulk material. Hofstetter et al.417 showed 
that ultrahigh-purity Mg, obtained with a patented distillation 
process, with less than 2.5 ppm of Fe, degrades at an extremely slow 
rate in vivo, which is calculated to be 10 µm per year, while the 
commercially pure Mg exhibits degradation rates of two order of 
magnitude higher. However, it was pointed out in other studies that 
the relative quantity, or ratio, of different impurities influences the 
tolerance limit of these impurities in the alloys. For example, Mn is an 
impurity that can mitigate the harmful effects of Fe on Mg corrosion, 
because it chelates Fe and creates an intermetallic phase with similar 
electrochemical potential to the bulk material418,419. 

In the present samples, Fe was present in similar amount in all 3 
alloys, but Mn was presented in the lowest amount in Mg-2Ag. This 
factor might explain the faster degradation of this alloy compared 
to the other two. 

Finally, it should be noted that the alloying elements were different 
in the 3 alloys and that might have had an influence on the material 
corrosion too. For instance, Ag is known to accelerate resorption 
because it has a standard potential in water at 25°C of +0.80 V, which 
is much higher than the potential of Mg, as aforementioned. Thus, in 
the presence of an electrolyte media, as the serum or the tissue fluids, 
many microgalvanic couples can form within the Mg-2Ag alloy. In 
addition, Ag+ ions might react with Cl- ions and form AgCl as an 
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insoluble degradation product on the surface. This was previously 
demonstrated by Tie et al. 407.

In contrast, Gd, Y, Nd and Ce, which are contained in the other 
alloys, have a negative standard electrode potential as Mg and that 
might induce less galvanic corrosion.  

One of the challenges in the study of Mg alloys behaviour in vivo is to 
find appropriate methods to identify the degradation products, which 
often can be confused with the original metals. As aforementioned, 
both laboratory µCT and histology have flaws when it comes to 
investigate the degradation of Mg alloys. Therefore, a combination 
of methods has been proposed as alternative309. 

In the current study, SRµCT was used to obtain non-destructive 
3D images of the bone-implant samples (Figure 55). The images 
had a very high spatial and density resolution and allowed us to 
resolve precisely the degradation products from the original metallic 
alloys and from the surrounding bone, on the basis of the adsorption 
coefficients. In fact, an interesting aspect of Mg alloys is that their 
degradation occurs through the transformation into degradation 
products, which then slowly dissolve or are removed by the body.   

The subsequent histological sectioning provided detailed 
information both on the materials and the degradation layers and 
on the tissue response to the materials. 

Without the registration of the histological images with the 
corresponding tomographic slices, it would have been unclear if our 
discriminations of the degradation products from the bulk material 
were correct. In fact, the grey value intensities of the µCT data are on 
a continuous scale and the selection of a threshold above and below 
which the pixels are assigned either to the degradation layers or to 
the bulk material is arbitrary. In the choice of a meaningful threshold, 
we were guided by the comparison with the histological pictures, in 
which the degradation layers were easily distinguishable from the 
original metals based on different colours. Another tool that helped 
us in the segmentation of degradation products and original metals 
was the acquisition of some images of the bone-implant samples 
with an edge-enhancement technique, where the edges of the original 
metals were easily distinguishable from the corrosion products 
(Figure 56). This imaging method, similarly to what happens for 
phase-contrast, uses the difference in refraction of different materials 
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Figure 55. 3D renderings were computed on the basis of the SRµCT for 
Mg-10Gd screws, Mg-4Y-3RE screws and Ti screws after 1 month and 3 
months of healing. Bone is rendered in green and the implants in grey. A sub-
volume of the total data set has been displayed and a clipping plane parallel 
to the implant longitudinal axis has been used to visualise the bone-to-implant 
interface. It can be observed an intimate interface between the bone and the 
surfaces of the 3 materials, especially after 3 months of healing.

and highlights the edges between materials with different absorption, 
making the image sharper than with conventional tomography. The 
edge-enhanced images were obtained for a few of the samples in the 
current thesis by increasing the distance between the sample and the 
scintillator in the set-up of the SRµCT.    

Finally, the samples in the current study were analysed in terms 
of their chemical composition after time in bone, through chemical 
mapping with EPMA. The combination of this further technique 
allowed us to shed light on the elemental composition in the 
degradation products and in the surrounding bone of in vivo samples, 



192

with a clear mapping of their distribution. This, in turn, enabled us 
to understand some of the underlying mechanisms of the degradation 
in the body, which not always correlate with those observed in in 
vitro tests. 

Remarkably in our investigation the results on material degradation 
obtained in vitro and in vivo were comparable. It is known that Mg 
degradation for a same alloy is much faster in vitro than in vivo, 
where proteins and cells depositing on the material surfaces, as well as 
the encapsulation by new tissue, slow down the corrosion. However, 
the inconsistency of outcomes between animal and laboratory set-ups 
might be due to the underestimation of the in vivo degradation rates, 
due to the low resolution of the analytical techniques used, which 
makes difficult to distinguish between the degradation layers and 
the original metal. When one of the screws of the present thesis was 

Figure 56. SRµCT of a Mg-10Gd sample obtained with a propagation-based 
phase contrast technique. The distance between the sample and the scintillator 
was increased of a few centimeters to obtain the edge enhancement effects. 
With it, boundaries (edges) between areas at different densities within the 
alloy are more clearly visible than with conventional SRµCT. In this way, 
the degradation layers were clearly distinguishable from the bulk material. 
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Figure 57. Comparison of 2 Mg-10Gd screws implanted in the same rat. Left: 
Mg-10Gd screw implanted for 3 months in the rat femur and imaged with 
laboratory source µCT. Right: Mg-10Gd screw implanted in the tibia and 
scanned with SRµCT. Thanks to the high density resolution of SRµCT, in 
the right image it is possible to discriminate areas at different densities 
within the screw-shape object (white arrows). On laboratory source µCT 
the degradation layers cannot be distinguished from the original alloy and 
the actual degradation of the alloy cannot be accurately quantified. Scale 
bar: 1 mm.

imaged in a laboratory µCT, it was almost impossible to distinguish 
the degradation layers from the alloy, due to the artefact in this 
technique, as beam hardening (Figure 57). We could speculate that 
if we had used conventional µCT and not SRµCT, we would have 
probably accounted the degradation layers still as original implants 
and would have underestimated the degradation rates of our alloys. 
Since, instead, very high density resolution was applied in the 
current investigation, the outcome registered in vitro and in vivo are 
comparable. 

 
The degradation behaviour of the 3 alloys was somewhat surprising. 
Despite the degradation occurred at a similar speed for all the 3 
alloys, the morphology of the degradation layers and the response 
of the tissues were significantly different. 

Mg-10Gd and Mg-4Y-3RE alloys gradually transformed into 
degradation products during their time in bone, but degradation 
products were deposited in the same shape as the original screws. 
Conversely, Mg-2Ag screws showed an irregular and inhomogeneous 
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degradation with visible alteration of the initial shape. These samples 
underwent a considerable loss of sample integrity already after 1 
month and degradation layers were loosely attached or cracked on 
the surfaces and probably dissolved rapidly (Figures 42, p. 148 and 
43, p. 149). 

The remarkable resemblance in shape of the products of Mg-10Gd 
and Mg-4Y-3RE and of the screws and their very close adherence 
to the bulk material suggest that the material shape was maintained 
in some way, while the chemical process of degradation occurred. 
For example, it can be hypothesised that a solid insoluble layer was 
deposited on the implant surfaces shortly after insertion and it reflected 
the initial material shape. However, this layer was permeable enough 
to allow the ion exchange between the material and the bodily fluids 
and the continuation of the degradation process, which occurred up 
to a couple of hundreds of µm in depth from the implant surfaces.

One of the first degradation layers that is likely to deposit on Mg 
under physiological conditions is MgCO3

300. As soon as Mg materials 
come in contact with the physiological environment, Mg ions are 
released from the material surfaces (Figure 11, p. 87) and they react 
quickly with CO2 present in the blood in the form of HCO-

3 and 
H2CO3. MgCO3 is then formed and precipitates on the corroding 
surfaces (see equation 4 and 5)299,300. In normal conditions, MgCO3 
has a high solubility, but due to the very high availability of CO2 in 
blood, this reaction occurs continuously and, therefore, MgCO3 is 
likely to be deposited on the surface of the degrading alloys420. 

Carbonate buffering in blood:  H2O + CO2  H2CO3 + HCO3
- + H+  (4)

Magnesium carbonate formation:  Mg + H2CO3 + MgCO3 + H2 (5)

On the other hand, Mg(OH)2 could as well be deposited as a 
protective layer (see equation 3, page 84). Although Mg(OH)2 is 
less stable under physiological conditions, because at physiological 
pH 7.4 it is unsaturated and it dissolves. In addition, Mg(OH)2 is 
susceptible to the attack of chlorine ions. It could be speculated that 
if the pH reaches very high levels (around 10), then Mg(OH)2 would 
be the most probable product to deposit on the surfaces, while at 
physiological condition, MgCO3 has more probability to form. 
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In either case, the deposition of a relatively thin layer of MgCO3 
and Mg(OH)2 on the surface of the degrading alloys would not stop 
the degradation, because these layers are permeable. However, it 
decreases the contact of the material surfaces with the surrounding 
environment, and the degradation rate strongly diminishes. 
Furthermore, the deposited layer consent the adsorption of proteins 
and the formation of a provisional matrix on their surfaces and, in 
turn, the interaction of cells with materials surfaces. 

Other elements, which are likely to precipitate on the Mg alloys in 
the physiological environment, are Ca and P ions, in a process called 
biomineralization (Eq. 6). 

Mg-Ca-P precipitation:  x Mg2+ + y Ca2+ + z PO4
3 MgxCay(PO4)z  (6)

The equation shows that different phases of apatites can form on the Mg 
surfaces, either HA, tricalclium-phosphate, dicaclium-phosphate or 
amorphous apatites, depending on the local conditions (temperature, 
concentration of Ca and P ions, ionic strength and interference from 
other ions)300. Biomineralization occurs spontaneously, due to the 
increase in pH around the degrading alloys, caused by the release of 
OH-. However, cells and in particular osteoblasts can mediate the 
deposition of Ca2+ and PO-

3 onto the Mg materials, in the same way 
they mediate the mineralization of the osteoid matrix. 

The EPMA images confirmed that the degradation layers of the 
alloys were mainly formed of C, O, Ca and P and in particular, 
the latter elements were detected in similar concentration as in the 
bone. P was detected at a slightly higher amount than Ca, because 
of the affinity of Mg and P and the possible formation of magnesium 
phosphate. The formation of apatite during the alloy degradation is 
also an explanation of the high absorption coefficients found in the 
degradation products of the samples at 3 months (Figure 42, p. 148). 

The hypothesis that the deposited layers were probably slightly 
permeable to ions exchange is suggested by the observations made on 
the EPMA images. The degradation layers showed a low concentration 
of Mg, while they were rich of ions coming from the physiological 
environment (Ca, P, Na, and K), even in the deepest region.
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A recent study compared the degradation behaviour and the 
product formation of Mg-2Ag and Mg-10Gd alloys in vitro in the 
presence and in the absence of cells302. The study found very scarce 
spontaneous biomineralization on Mg-2Ag. That was accompanied 
by a rather low cell attachment and cell activity during the first days 
of degradation, which were interpreted as signs of cell toxicity exerted 
by this material. Conversely, Mg-10Gd induced relevant spontaneous 
biomineralization on its surfaces and it was rapidly colonized by 
osteoblasts. Osteoblasts, in turn, enhanced the apatite deposition on 
the alloy. The apatite formed on Mg-10Gd contained traces of Gd 
and of other ions from the physiological milieu. On Mg-10Gd, cells 
were well spread, active and alive302. 

The reasons behind the different Ca-P deposition and 
osteoconductivity of the materials may consist of different factors. 
First, the elemental composition of the alloys has been called into 
cause. While Gd had high affinity to Ca and tend to be deposited in 
the HA matrix or in the bone in the form of compounds, Ag is mainly 
dissolved into the media as free ions302. This is accentuated by the 
presence of Cl-, which fastens the Ag dissolution from the alloy. The 
release of Ag+ might have interfered with cells during the first hours 
of degradation. Cells were found on the alloys at 14 days, when 
the degradation has already slowed down, due to the formation of 
protective degradation products. 

In addition, the initial material degradation was faster for Mg-2Ag 
than for Mg-10Gd and that was probably associated with high 
hydrogen evolution and rapid surface changes, which might have 
been unfavourable conditions for the attachment of cells to the this 
material. On the other hand, Mg-10Gd corroded at a slower speed. 
The greater apatite formation on this alloy and the less adverse 
environment favoured cells attachment and spreading and modulated 
further mineralization.
It can be speculated that similar degradation processes occurred in the 
current in vivo study and they induced various tissue responses to the 
3 materials. While Mg-2Ag was mostly encapsulated by soft tissue, 
with very sparse bone contact, Mg-10Gd and Mg4YRE3 screws and 
their degradation products were encapsulated by bone in intimate 
contact. The integration in bone proceed from 1 to 3 months, when 
they reached values similar to those of Ti, used as reference material 
for osseointegration. 
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The degradation products on Mg-2Ag in our study were much 
thinner than those formed on the other 2 alloys and they were 
heavily cracked and partially detached. This suggests that, despite 
the degradation of all the 3 alloys studied progressed with relatively 
similar speed, the degradation products of Mg-2Ag were more 
soluble or were removed more quickly compared to the other alloys. 
The faster degradation and the rapid dissolution of the degradation 
layers of this alloy caused rapid changes on the material surfaces and 
hindered the formation of an organized provisional matrix of proteins 
and the attachment of cells. In addition, the release of Ag ions in high 
amount might have had a cytotoxic effect or might have induced high 
inflammation, which, in turn, hindered the bone regeneration. Ag 
nanoparticles have been shown previously to be moderately cytotoxic 
and the observation has been attributed to the emission of Ag+421. As 
a result, a gap was observed between the Mg-2Ag interface and the 
bone. This gap was filled by fibrous tissue, while the bone around 
was condensed.

On the contrary, on Mg-10Gd and Mg-4Y-3RE, apatite and thick 
degradation layers were found. Occasional cracks could be observed 
in these degradation layers, but they were, in general, firmly attached 
to the bulk material. Probably, the stability of these layers allowed 
the deposition of proteins and cells, which started the formation 
of tissues on these surfaces. Osteoblast precursors might have been 
attracted to the apatite, due the affinity of this material with bone, 
and they might have formed bone directly at the interface with the 
materials. 

These alloys reached values of bone-implant contact similar or even 
higher to those observed for Ti controls. Other in vivo data showed 
that Mg implants can induce bone formation and mineralization 
comparable to titanium implants317,422,423. The cues for the positive 
bone response are suggested to be the Mg ions release and the slightly 
alkalinisation of the local environment, which benefit the wound 
healing mechanisms424,425. 

Occasionally, small fragments of degradation products were found 
the bone around the alloys. In general, these fragments were totally 
encapsulated by new bone and no signs of inflammation or osteolysis 
were observed around these fragments (Figure 44, p. 149).  
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The positive cell responses to Mg-10Gd and Mg-4Y-3RE, but not 
to Mg-2Ag, had been observed previously in vitro. Cecchinato et 
al.426 cultured undifferentiated human umbilical cord perivascular 
cells (HUCPV) on discs made of Mg-2Ag, Mg-10Gd and Mg-4Y-3RE 
and found that actin structures and other cell adhesions signs were 
less developed on Mg-2Ag compared to the other alloys. Conversely, 
Mg-10Gd induced developed lamellopodia and filipodia and, in turn, 
the best cell spreading and attachment. 

However, it should be noted that Myrissa and co-workers427 reported 
a rather different in vivo degradation behaviour of Mg-2Ag and 
Mg-10Gd alloys, when compared to our results. In their study, the 

Figure 58. Live µCT reconstructions (two-dimensional slices) showing the 
degradation process of pins made of pure Mg, Mg-2Ag and Mg-10Gd alloys 
after 1, 4 and 12 weeks implantation in the femur of Sprague–Dawley® rats. 
Apparently, the shape of Mg-2Ag pin did not change significanly during 
the observation period. However, great hydrogen evolution was observed 
for this alloy at week 1. The pin of Mg-10Gd seemed to not degrade 
much between 1 and 4 weeks of implantation, although some hydrogen 
evolution could be observed for this alloy at 4 weeks. At the 12-week 
observation the Mg-10Gd was completely fragmented. Image from Myrissa 
et al.VIII. The behaviour of the Mg-2Ag and Mg-10Gd was different in this 
study compared with the study presented in this thesis. However, many 
variables were different between the 2 studies (implants production, implants 
microstructure, place of implantation and imaging modality were probably 
the most influential differences).
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authors implanted pins made of the 2 alloys and of pure Mg in the 
femur of Sprague-Dawley® rats and recorded the degradation of the 
pins on µCT of the living animals. In addition, they calculated the 
degradation rates of the pins also in vitro, by immersion test.

They found similar in vitro degradation rates as the one reported 
in our study, although in their observation Mg-2Ag degraded faster 
in the immersion media than Mg-10Gd, which was the opposite for 
us. Remarkably, the reported very slow in vivo degradation rates for 
Mg-2Ag samples. They calculate an average DR of approximately 
0.3 mm/year at 1 month for the Mg-2Ag, while we recorded a DR of 
1.01 mm/year. At 3 months, they reported an average 0.2 mm/year 
for the alloy, while in our study it was 0.49 mm/year427. In their study, 
Mg-2Ag seemed to maintain their shape and integrity up to 3 months. 
In contrast, the authors found that pins of Mg-10Gd degraded faster 
than Mg-2Ag at 1 month (DR ≈0.6 mm/year) and they were broken 
and reduced in small debris at the 3-month observation, despite 
the fragments were surrounded by new bone (Figure 58)427. The 
reasons for the different behaviour for alloys with the same nominal 
composition may relate to numerous factors. First of all, Myrissa et 
al.427 employed laboratory µCT in living animals. While this technique 
had the advantage to consent to follow the same samples at different 
healing times, it yields a much lower spatial and density resolution 
compared to the SRµCT. Therefore, on the reconstructions from the 
µCT, it might have been impossible to distinguish the degradation 
layers attached to the pins. In fact, the authors observed high 
evolution of hydrogen gas during the first weeks after insertion of the 
Mg-2Ag pins, which is a sign of on-going degradation427. In addition, 
the grain size of the Mg-2Ag pins they used was much smaller than in 
our samples and that might have influenced the degradation greatly. 
Finally, the strange brittle behaviour of Mg-10Gd, which was reduced 
in many small pieces at 3 months, might have been the result of a 
higher mechanical stimulation of the pins implanted transcortically 
in the rat femurs, whereas we did not observe that behaviour for the 
screws implanted monocortically in the rat tibiae.  

Another in vivo study, tested Mg-2Ag intramedullary nails in a 
femur fracture model in mice and in a non-fracture femur model423. 
The authors found that Mg-2Ag nails were completely degraded 
after 133 days in the fractured femurs and after 210 days in the 
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intact femurs. They did not observed adverse reaction following the 
implantation of the nails, despite they recorded a widening of the 
femoral shaft and a significant reduction of osteoclasts function. 
They reported that osteoblast function was enhanced in presence of 
the Mg-2Ag nails and they concluded that Mg-2Ag was a promising 
material for intramedullary nailing423. However, for that application, 
the formation of a tight bone-to-implant interface is not required and 
that might explain why Mg-2Ag functioned well for that purpose.  

One concern with biodegradable Mg is if accumulation of Mg and 
degradation products at the site of implants might have deleterious 
effects on the bone and surrounding tissues.  However, an interesting 
finding highlighted by the EPMA analysis was that the concentration 
of Mg in the bone surrounding the degrading alloys was not higher 
than in the Ti controls and it was homogenously distributed in the 
visible bone, without being highly accumulated at the interface with 
the alloys. 

This finding was in line with a recent study that tracked the 
distribution of Mg from biodegrading implants in bone at high 
resolution with synchrotron techniques. The authors found that Mg 
concentration increased only temporarily around the blood vessels, 
but then it was rapidly excreted via blood flow428. The presence of 
Mg influenced the formation of the HA crystals in bone, which had 
a lower crystallinity in presence of Mg and, thus, greater strength, 
than in control bone. When the Mg was assessed few months after 
degradation, no influence from Mg was found and the concentration 
of Mg was equal to that of the control bone, suggesting that the local 
raise of Mg levels in the bone is not permanent428. 

The same authors evaluated also the presence of Y in the peri-
implant bone of WZ21 implants (a Mg alloy containing 2% of Y and 
1 of Zn) placed in rats429. They found Y enrichment in the bone and 
in the medullar canal during the alloy degradation. The concentration 
of Y suggested the presence of both Y compounds in bone and of 
intermetallic particles in the region. However, no traces of Y were 
found 9 months after material degradation and, in any case, the 
presence of Y at earlier time points did not hinder the bone healing 
and the restitution ad integrum of the bony tissue.
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In our investigation, it was observed that the intermetallic particles 
visible within Mg-10Gd and Mg-4Y-3RE alloys remained mainly 
entrapped into the degradation layers during material degradation. 
As these particles are not degradable, it would be of great interest 
to study their fate in the body. In a few samples, high absorbing 
particles were observed in the bone tissue around the Mg alloys and 
they were completely surrounded by bone, without displaying signs 
of osteolysis.

To unveil the molecular mechanisms, leading to the different tissue 
responses, the expression of genes related to osteogenesis was 
investigated in the peri-implant bone of the 3 Mg alloys and it was 
compared to that stimulated around Ti controls. 

The great majority of the investigated genes were significantly 
more expressed around Mg samples than around Ti controls, while 
no gene was found to be significantly down-regulated in the Mg 
samples. It is plausible that 4 weeks after insertion, the tissues around 
Ti had reached advanced bone formation and a stable bone-implant 
anchorage, especially in rats, where the rate of bone turn-over and 
bone regeneration is fast430. In fact, on the histological slides and 
SRµCT reconstructions of Ti implants, mature and mineralized bone 
juxtaposed to large areas of the implants was observed already at 
1 month. Conversely, the environment around Mg implants was 
probably still highly dynamic after 1 month of implantion. The 
continuous release of Mg ions, the changes in the osmolality and 
the pH could have acted as continuous cues for the surrounding 
tissues and resulted in the up-regulation of many genes related to the 
osteogenic pathway. 

The positive effects of Mg materials on bone metabolism were 
highlighted by the up-regulation of several genes belonging to the 
BMP/TGFB superfamily. 

The BMP/TGFB superfamily is a group of proteins that act as 
regulatory signals and have a prominent role in tissue development, 
repair and homeostasis. Especially the BMPs (BMP6, BMP7, BMPR2), 
which are strong anabolic agents for bone, were significantly 
up-regulated in Mg-10Gd. In addition, two receptor of TGFB 
proteins, TGFBR1 and TGFBR2, were significantly up-regulated 
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in the bone around Mg-10Gd and Mg-4Y-3RE. Not surprisingly, 
this alloy demonstrated an amount of new bone formation and 
encapsulation comparable to that of Ti. 

On the contrary, around Mg-2Ag samples, BMP-antagonists, as 
noggin (NOG) and chordin (CHRD), were more expressed than 
in Ti. Nevertheless, also TGFB3, a growth factor promoting cell 
differentiation, was highly transcribed around Mg-2Ag

Previous reports evidenced high production and accumulation of 
BMP2 in bone around Mg degrading implants314,317 and that suggested 
that Mg ions and degradation products might be osteoinductive425,431. 
The over expression of BMP6 in presence of Mg had been observed 
also in Study IV of this thesis, where Mg-releasing implants were 
implanted in osteoporotic sites.

However, Mg release is not the only effect of Mg degradation and, 
thus, it might not be the only cue to bone regeneration. As a matter 
of fact, emission of Mg ions occurred also from Mg-2Ag samples, but 
new bone formation was very scarce around those implants. A part 
from liberating Mg2+, the material degradation is known to induce 
increase in pH and osmolality and the formation of hydrogen gas. 
When these 3 parameters are within levels that do not hinder bone 
growth, as it seems the case for Mg-10Gd and Mg-4Y-3RE, bone 
regeneration can occur. If the biochemical changes around the alloys 
are too rapid, they may not be favourable for bone formation, as it 
was observed for Mg-2Ag alloy.

Apart from osteoinduction, which has been hypothesized for Mg 
implants, but it was never conclusively proved, osteoconduction has 
been described for Mg255. We indeed observed the strong stimulation 
of the integrins and other proteins related cell-to-cell interaction and 
cell-to-substrate interaction (ICAM1, ITGAV, ITGA3, ITGB) around 
Mg-10Gd and Mg-4Y-3RE. Therefore, the potential osteoconduction 
of Mg alloys might have been the primary reason for the positive 
bone regeneration and encapsulation around these materials254. 

A specific role of the alloying elements in the cellular response and 
gene expression around the degrading materials could be hypothesised 
as well, since degradation can liberate the alloying elements as ions 
and compounds in the surrounding tissues. 
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For example, the Mg-2Ag alloy is expected to release Ag+. Despite 
silver has been historically regarded as non-toxic, recent reports 
have highlighted that Ag ions can cause oxidative stress and DNA 
damages and that fibroblasts are more susceptible to damages than 
keratinocytes432,433. Therefore, the emission of ionic silver could be 
the cause of the scarce bone regeneration observed around Mg-2Ag 
alloy.  

Similarly, lanthanides and especially Gd are known to be toxic 
in ionic form. The biological activity and potential toxicity of Gd3+ 
is explained by the similarity of the atomic radius and chemical 
behaviour of this ion to that of Ca2+ and, thus, Gd3+ can interfere 
with some Ca-related pathways107. However, it is expected that very 
little Gd is available in the ionic form around the alloys, while it is 
likely that Gd is found in the form of compounds and bound to HA 
crystals404. This could explain why the Mg-10Gd did not display any 
sign of cell or tissue toxicity. 

Furthermore, Gd is recently being explored as a potential 
therapeutic agent in some diseases, especially for its potential 
cytoprotective effects from the damages of excessive inflammation. In 
vitro tests have demonstrated that Gd at low dosages has the ability 
to promote osteoblasts and fibroblasts proliferation434,435. These 
data corroborated our observation of the positive bone regeneration 
around Mg-10Gd samples. 

Markers for bone-mineral metabolism and ossification were in 
general importantly up-regulated around Mg samples, although the 
difference was not statistically significant. This could suggest that the 
increase of biomineralization in presence of Mg degrading implants 
is mainly spontaneous, rather than cell-mediated300,436. 

However, transcription of PHEX was found significantly increased 
in Mg-4Y-3RE and Ti. This gene encodes for an endopeptidase, which 
is thought to be involved in bone mineralization and it is especially 
important in the phosphate regulation437. 

Genes encoding for various collagen chains were in general 
up-regulated in the tissues around Mg implants and in particular 
around Mg-2Ag. The ability of silver to stimulate collagen formation 
is already known and it is one of the reasons why silver compounds 
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and nanoparticles are added to wound-dressing devices and in 
cosmetics applications438. However, the most represented collagen 
chain of bone, COL1A1 was not significantly expressed in the tissue 
around Mg-2Ag, but in that around Mg-4Y-3RE. The very high 
expression of collagen fibres around Mg-2Ag can also be explained 
by the fibrous encapsulation of this material, as observed on the 
histological images. 

Differential expression of ECM proteases was found among the 
materials. Matrix proteases, and in particular the class of the MMPs, 
are enzymes that digest collagen and other proteins of the non-
mineralized ECM. They have a significant role in all phases of tissue 
repair, because they concur to the removal of tissue debris and to the 
creation of space for cell migration and vascularization. However, an 
overproduction of these proteins may lead to non-healing wounds 
and excessive tissue destruction439,440. 

Some of the MMPs (MMP2, MMP10, MMP9) were up-regulated 
around the Mg samples, although only the tissues harvested around 
Mg-2Ag showed significantly high mRNA levels of MMP2. That 
could be a signal of an intense tissue remodelling around these 
implants and could explain the histological observations. 

In a previous study, silver biomaterials and the application of silver 
dressing to infected burn wounds have been reported to positively 
modulate the expression of MMP2 and MMP9, in contrast with 
the data we observed441. However, in such cases, the reduction of 
MMPs expression and tissue destruction might have been related to 
the ability of silver in controlling infection, rather than to its specific 
effect on MMPs regulation. 

On the other hand, in the tissues surrounding the Mg-10Gd and 
Mg-4Y-3RE alloys, statistically significant higher expression of 
another protease was detected. Namely, the CTSK is a protease, 
which is predominant in active osteoclasts and is an indication that 
bone remodelling was taking place around these 2 implant types. 

To assess the osteoclast activation, the expression of the genes 
belonging to the RANK/RANKL pathway and of TRAP was 
explored. Some osteoclastic markers were found over-expressed 
in the Mg samples, such as TRAP (Mg-4Y-3RE) and RANK (Mg-
10Gd). Nevertheless, a prevalence of RANKL expression, also 
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known as osteoprotegerin gene, was found in presence of Mg alloys. 
The simultaneous regulation of pro-osteoclastic and anti-osteoclastic 
markers might implicate that a coupling of bone formation and 
resorption is taking place around the materials, which is typical of 
bone healing and osseointegration processes. 

Of the 3 alloys, Mg-2Ag could be associated with the lower 
osteoclasts activation. Jähn and co-workers423 have previously 
described that intramedullary nails made of Mg-2Ag implanted in 
mice provoked widening of the femoral shaft and they interpreted this 
finding as a consequence of inhibited bone remodelling and osteoclasts 
activation423. On the other hand, though, Mg-2Ag showed almost no 
bone deposition at the interface and that might explain why bone 
remodelling was less promoted for this alloy compared to the other. 

Several growth factors were significantly up-regulated in the presence 
of Mg implants (FGF1, FGFR1, CSF3, and VEGFB), which is a 
finding in line with previous data showing a mitogenic role of Mg251. 

Of particular interest was the up-regulation of angiogenic factor, 
as VEGFB and FGF1, in the tissue surrounding Mg-10Gd. Notably, 
FLT1 was significantly over-expressed in the same samples. FLT1 
is a receptor for VEGF and the receptor-ligand binding promotes 
vasculogenesis442. The simultaneous expression of both factors in 
Mg-10Gd samples further supported the hypothesis that angiogenesis 
was stimulated around this alloy. 

As aforementioned, Mg is thought to have a crucial role in 
angiogenesis, which is also a pre-requisite of bone healing and 
osseointegration251. However, all 3 alloys released Mg, but only 
Mg-10Gd strongly promoted angiogenesis biomarkers. That 
could be related to the presence of Gd, which has been previously 
associated with angiogenic activity. In fact, vein endothelial cells 
treated with GdCl3 in cell culture were induced to migration and 
tubulogensis similar to those happening during wound healing443. 
The angiogenetic activation seemed to depend on the activation of 
Ca-related pathways443. 

Finally, one interesting aspect to investigate was the regulation of 
inflammatory markers around the alloys. 
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As aforementioned, the implantation of biomaterials into the body 
activates an immediate response of defence mechanisms. The first 
mediators of this response are cells of the innate immunity residents 
in the tissues, like dendritic and mast cells, and those coming from 
the blood, granulocytes and monocytes, the latter fusing to form 
macrophages. These cells are able to release a variety of cytokines 
and to orchestrate the events following implantation. 

If the presence of the biomaterial is tolerated by the immune 
systems, the acute inflammation diminishes and the release of signals 
of tissue repair prevail444. On the contrary, if excessive inflammation 
progresses over time, tissue healing is inhibited and the material is 
rejected444. 

In the case of permanent bone implants, the phenomenon of 
tolerance should lead to the colonization of cells of the osteoblastic 
lineage on the material surfaces and to the osseous encapsulation, 
rather than to a fibrous one that is incompatible with the load-bearing 
function of implants in bone6. It has been recently postulated that the 
immune response plays a pivotal role in stimulation of osteogenesis 
around biomaterials119. In fact, the field of osteoimmunology has 
shown that immune system and bone are closely related and share a 
number of mediators and cellular signals445. 

The development of biomaterials with osteoimmunomodulatory 
properties is the new frontier of biomaterial research119. Magnesium 
materials are interesting in that sense, because Mg has an important 
immunomodulatory role in the body. Mg depletion is associated 
with many diseases that have a predominant component of 
chronic inflammation, like cardiovascular disease, atherosclerosis, 
osteoporosis and obesity446. In addition, both in vivo and in vitro 
tests have shown that Mg concentration either in the serum of 
animals or in the media of cell cultures are clearly related to the 
release of inflammatory cytokines: in presence of high Mg levels, 
inflammatory response is attenuated and cells and tissue proliferation 
are promoted447,448. 

However, in the case of biodegradable magnesium, the release 
of degradation products and the continuous alteration of the local 
environment could trigger prolonged inflammation314. It is, therefore, 
of utmost importance to understand how biodegradable Mg alloys 
activate the immunity and, when possible, to select strategies to 
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implement tolerance and immunomodulation. To do so, the expression 
of cytokines, important signalling molecules in the cross-talk among 
defence and tissue cells, was investigated in the current study. 

After 1 month of healing, the expression of TNF in the Mg 
samples was comparable to that of Ti. TNF is responsible for acute 
inflammation and inflammation amplification449. Its expression in the 
same range of that observed around integrated Ti implants is a sign 
that inflammation was not abnormally amplified around Mg screws. 

Secondly, the expression of 2 interleukins, IL-6 and IL-10 was 
investigated. IL-6 is regarded as pro-inflammatory cytokine, while 
IL-10 is an important anti-inflammatory cytokine, which down-
regulates the inflammation and promotes phenomena of tissue 
regeneration449. However, cytokines are known as pleiotropic 
molecules, a term that means they can mediate the action of different 
cell types, sometimes in a contrasting way. For example, IL-6 
promotes inflammation, but it has been recently recognized to have 
an osteotropic activity and a central role in bone formation, too450.

IL-10 was significantly and greatly (11.6 folds) up-regulated 
around Mg-2Ag samples. Its expression was very high also in the 
tissue around the other 2 alloys, although the difference was not 
significant. On the other hand, also the expression of IL-6 was greater 
around Mg-2Ag, compared to the other 2 alloys and to Ti. 

IL-10 has been associated with the alternative polarization of 
macrophages to M2, the anti-inflammatory phenotype. A recent 
study by Costantino451 has shown that the administration of extracts 
obtained from Mg-2Ag and Mg-10Gd to co-cultures of macrophages 
and osteoblasts significantly increased the production of IL-10 from 
those cells and, thus, the M2 polatization451. This suggests that in 
the presence of M2 cells, the main response would be new bone 
formation. However, in reality, this type of macrophages can also 
induce fibrous encapsulation, a typical phenomenon of the foreign 
body response. Although this is also a part of the regenerative response, 
it is needless to mention that it is not favourable for the load-bearing 
applications. IL-10 was previously found to be up-regulated in foreign 
body giant cells and macrophages adherent to implants undergoing 
fibrous encapsulation and foreign body reaction452,453. What seems 
to be crucial for the activity of M2 toward bone or fibrous tissue 
formation is not their amount, but the timely switch from M1 to M2 



208

polarization119. If M1 population gradually turns into M2 already 
during the initial phases of healing, due to favourable stimulation from 
the biomaterial, the M2 will likely produce osteogensis enhancing 
cytokines, which will induce osteoblasts proliferation and migration 
and bone regeneration. On the other hand, if the initial inflammation 
is prolonged and M1 macrophages predominate for longer time; 
the type of response will likely be the fibrous encapsulation. This 
tissue then can be produced faster than bone and has the purpose of 
shielding off the inflammatory stimulus from the surrounding bone. 

The same study from Costantino evaluated the production 
of many other cytokines in the presence of the extracts of the 2 
alloys, Mg-2Ag and Mg-10Gd451. The author found that while the 
presence of the Mg-10Gd extracts stimulated both the increase of 
IL-10 and the decrease of IL-1β, a hallmark of inflammation and 
bone resorption, Mg-2Ag extracts stimulated the increase of both 
cytokines451. Therefore this alloy stimulated both inflammatory and 
anti-inflammatory markers. This is similar to the current finding, 
where the tissue around Mg-2Ag had high expression of both IL-10 
and IL-6, while the tissue around the other 2 alloys expressed mainly 
IL-10. The high inflammatory response around Mg-2Ag is what it 
might have lead to the fibrous encapsulation. 

Interestingly, the tissue around Mg-10Gd and Mg-4Y-3RE, but not 
Mg-2Ag, expressed ICAM, an integrin related to the attachment of 
macrophages on the ECM or on the provisional matrix, in statistically 
significantly higher amount compared to the Ti controls, suggesting 
that macrophages were present also around these materials, but they 
might have been predominantly M2 macrophages, as it seems by the 
high level of IL-10 and by the bone response to these alloys, observed 
in histological and µCT slides. 

The difference in inflammatory response between the Mg-2Ag 
alloy and the other 2 materials might depend on their degradation 
behaviours and on their elemental composition. For example, it was 
observed that Mg scaffold with a fast degradation profile stimulated 
inflammation, while the same scaffold coated with a β-TCP layer 
was osteoimmunomodulatory and induced M2 macrophages, 
which produced anti-inflammatory cytokines and osteotropic 
molecules314. The coated scaffold was, then, osteoconductive. This 
material resembles the Mg-10Gd and Mg-4Y-3RE alloys, which, in 
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the current study, were coated by a naturally occuring apatite phase 
upon placement in the rat tibiae. Therefore, they might have exerted 
osteoimmunomodulation with the outcome of bone encapsulation. 

The role of the alloying elements on the findings observed here 
with respect of inflammation is difficult to interpret. Both Ag and 
Gd were found either anti-inflammatory or pro-inflammatory in 
different studies. Silver nanoparticles were found to induce pro-
inflammatory cytokines in monocytes454, while nanocrystalline Ag 
was found to down-regulate inflammation in ulcerative colitis, for 
example455. Similarly, the information on the inflammatory action 
of gadolinium is contradictory. Gd-based compounds enhanced 
inflammatory reaction in one study, with high production of IL-1β456, 
while, in other studies, it was shown that the GdCl3 treatment reduced 
the myocardial inflammation in ischemic rats and the associated 
reperfusion injuries457,458.

The observations made at the gene level need to be further validated 
at the protein level.

However, the present data constituted a first step to capture the 
molecular mechanisms occurring around Mg samples placed in bone 
in an in vivo model.
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CONCLUSIONS AND  
FUTURE PERSPECTIVES

From the studies included in the present thesis, it can be concluded 
that: 

1. Titanium implants coated with mesoporous thin film of titania 
that sustainedly released Mg ions in the peri-implant bone 
induced a stronger bony interface at the 3-week healing time 
in a rabbit model, as assessed with biomechanical analysis by 
means of removal torque test (Study I). 

This finding was correlated with an enhanced new bone 
formation in the Mg-releasing samples, for which a greater 
endosteal reaction and an increased filling of the bone within 
the threaded region was observed compared to native titania 
controls (Study II). Other histomorphometrical parameters 
were comparable for both sample groups. 

In addition, the local administration of Mg from the implant 
surfaces stimulated an osteogenic environment in the peri-
implant sites, with significant up-regulation of important 
genetic markers for bone formation. In particular, OC, RUNX2 
and IGF1, 3 markers involved in osteoblast proliferation, 
differentiation and matrix mineralization, were statistically 

Never look down to test the ground before taking your next step; 
only he who keeps his eye fixed on the far horizon will find the right road. 

Dag Hammarskjöld (1905 – 1961), Swedish Diplomat, Noble Prize in Peace 1961 
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significantly up-regulated in the tissues surrounding Mg-
releasing implants (Study II).

The positive stimulation of bone formation at the interface 
with the Mg-loaded implants was attributed mainly to the 
release of Mg ions from the coatings. In fact, the surface 
characterization of the implants confirmed that the physical 
adsorption of Mg within the pores of titanium dioxide did not 
considerably change the surface topography at the microscopic 
and nanoscopic level, or the surface morphology (Study I).

Mg release had greater influences in the early healing phases, 
due to the rapid mobilization of the Mg ions from the coatings. 
As a consequence, no differences in biomechanical and 
histomorphometrical parameters were observed between the 
implants with and without Mg after 6 weeks of healing, despite 
notable trends in favour of the Mg samples were recorded. 

At this healing time, the activation of gene markers for osseous 
formation was greater around the control implants, without 
Mg, probably because the nanoporosity of the mesoporous 
coating as well as the favourable chemistry of TiO2 influenced 
positively the healing of bone around the implants (Study III). 

2. The incorporation of Mg ions into mesoporous titania 
thin films coated onto Ti implants and placed in the tibia of 
ovariectomized rats induced a significantly higher peri-implant 
new bone formation compared to controls without Mg (Study 
IV). In addition, the presence of Mg stimulated the expression 
of BMP6 in the peri-implant tissues. BMP6 is a marker usually 
activated in presence of oestrogens and it has a strong anabolic 
effects on bone formation (Study IV). Other important genes 
involved in osteogenesis, such as the VEGFA, which contributes 
to commit the mesenchymal stem cells toward the osteoblastic 
lineage, were also found to be up-regulated in the Mg-samples 
(Study IV). The up-regulation of BMP6 and of the other genes 
suggested that Mg may enhance the peri-implant bone formation 
by stimulating similar osteogenic pathways in a similar manner 
as the oestrogens (Study IV). 
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3. The degradation behaviour of Mg alloys in vivo was studied 
with a multimodal approach and at high-resolution and high-
contrast to noise ration on 3D reconstructions obtained from 
SRµCT, on histological slides and on chemical maps. 

On the basis of absorption coefficients of the SRµCT and 
with the help of the registration with histological slides, it 
was possible to precisely distinguish and quantify the amount 
of remaining implants, the degradation layers and the new 
bone (Study V). This was a great advantage compared to 
the laboratory CT, for which the limitation in contrast and 
in resolution made it impossible to discriminate between the 
original alloy, the degradation products and the bone, leading 
to inaccurate determination of the materials degradation rates 
(Study V). 

The degradation rates of the 3 alloys were determined at the 
2 healing times. The alloys had a similar in vivo degradation 
rates, although the behavior of the degradation products was 
different. The degradation products of Mg-2Ag were soluble 
or were quickly removed, causing a rapid loss of samples 
integrity for this material. The behavior was attributed to the 
microstructure and to the elemental composition of this material 
(Study V).

On the other hand, the degradation layers of Mg-10Gd and 
Mg-4Y-3RE were deposited in the same shape of the original 
screws, which were stable. The degradation products were 
mainly formed by Ca, P, O and C. Gd and RE elements remained 
mainly in the degradation layers at 3 months of healing and 
were not in the surrounding bone (Study V). 

4. The degradation behaviour was correlated with the tissue 
reaction to the materials. Mg-2Ag was mainly encapsulated 
by fibrous tissue and had very sparse contact with bone. In 
addition, the samples of Mg-2Ag were characterized by an 
inflammatory infiltrate. The tissues harvested around Mg-2Ag 
showed high expression of MMPs and inflammatory markers. 
However, osteogenic genes were also up-regulated. 

In contrast, Mg-10Gd and Mg-4Y-3RE were encapsulated 
mainly by bone, which was in intimate contact with the surface 
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of the degradation layers and which was similar to that found 
around Ti controls. These samples expressed high levels of 
osteogenic markers compared to the Ti controls at 1 month of 
healing. 

These results pointed out that Mg-2Ag was not suitable in 
the current form as bioresorbable ostheosyntesis material. 
If these alloys would still be considered promising, due to its 
mechanical properties and the potential anti-bacterial effects, 
care should be taken to refine the material grain and to control 
the impurities level of them. 

In contrast, Mg-10Gd and Mg-4Y-3RE demonstrated 
favourable properties to be further tested as biodegradable 
implants for bone fixation.  

Overall, the work performed demonstrated the potential benefits of 
using Mg as a bioactive doping agent on the surfaces of endosseous 
implants. For the first time, the genetic pathways activated in the 
peri-implant bone in presence of an increased local availability of Mg 
were investigated and they were correlated to analytical techniques 
conventionally used to measure osseointegration. 

In particular, the elucidation of the molecular pathways that 
lead to increased bone formation around Mg-releasing implants 
in sites with osteoporosis unveiled that the addition of Mg may 
stimulate the endogenous production of anabolic markers for 
osseous formation. This suggests that it can be of interest to develop 
Mg-based bone fixation implants for osteoporotic patients and other 
bone biomaterials that stimulate bone healing in these subjects. In 
fact, it should be considered that osteoporotic patients do not only 
have frequently more fractures than healthy subjects, but they also 
experience more often non-union of the fractures, where the intrinsic 
ability of the bone to repair fails, Finding new ways to increase the 
success in these cases can be beneficial in the aging population. 

Further research should address different dosages of Mg from 
the implant coatings, to identify if Mg addition works in a dose-
dependent fashion and at which dosage the best results are achieved. 
That could be done by tailoring the pore size of the mesoporous to 
host more or less Mg ions or via the design of other coatings with 
similar features.   
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One of the key findings of the current thesis was the characterization 
of the degradation process at an unprecedented spatial and density 
resolution by means of SRµCT. The employment of this technique 
and of a multimodal approach, which included also the mapping of 
the chemical composition of the degradation products, consented 
to gain insight on the samples and to feedback information to the 
material developers.  

Future studies are needed to verify the behaviour of the materials 
under loading conditions that resemble the mechanical stimulation 
in the clinical situations, to characterize the mechanical properties of 
the interface between the degradation products of the alloys and the 
bone and the failure mechanisms of these implants. 

It would be of interest to further determine the structural, 
mechanical and chemical properties of the bone surrounding 
degrading implants and observe the evolution of the bone healing, 
including the vascularization, enervation and HA formation. 

In order to investigate this, it might be advisable to follow the 
materials for longer healing times, possibly in a time-course manner, 
and to determine when and if the complete degradation of the 
materials, as well as the elimination of the degradation products, 
occurs. 

Of great importance is to study the fate of the alloying elements 
released in the body and to verify if they are excreted or if they 
accumulate locally or systemically. In particular, the influence of the 
alloying elements on the tissues physiology should be addressed. 

Furthermore, animal models of fracture healing by internal fixation 
should be designed, to test the materials in situation closer to their 
final applications in the clinic. 

In conclusion, this thesis laid out the basis for further research on Mg 
as a biomaterial for bone applications. 
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POPULÄRTVETENSKAPLIG 
SAMMANFATTNING

Behandling med dentala implantat för att återställa funktion och 
estetik efter trauma eller sjukdom är en väl etablerad teknik med 
god prognos. Miljoner patienter opereras varje år, de allra flesta med 
mycket bra resultat. Dock förekommer komplikationer, äldre sjuka 
patenter och patienter med systemiska sjukdomar kan vara exempel 
på grupper som riskerar ett ökat antal komplikationer.

Minskad benmängd runt implantat kan leda till förlust av dessa. 
Strategier för att förstärka bensvaret både under inläkning och när 
implantatet är i funktion är önskvärt för att ytterligare förbättra ett 
redan gott behandlingsresultat.

Dessutom finns implantat som används för att fixera frakturer 
eller stabilisera benrekonstruktioner av stora defekter i skelettet. Här 
vore det önskvärt om dessa implantat resorberades i samma takt 
som det egna benet nybildades under läkningsförloppet. På så sätt 
skulle en andra operation i syfte att ta bort stabiliseringsimplantaten 
kunna undvikas, något som är särskilt efterstävansvärt för barn och 
äldre patienter.

Magnesium (Mg) är ett lovande material för resorberbara implantat. 
Magnesium är naturligt förekommande i den mänskliga kroppen och 
är en nödvändig komponent för en rad enzymatiska och metaboliska 
processer. Vidare är magnesium viktigt för att upprätthålla balans 
mellan naturlig benuppbyggnad och bennedbrytning och anses ha 
bioaktiva, osteokonduktiva och angiogenetiska egenskaper. För 
ortopediska och dental implantat är magnesiums goda mekaniska 
egenskaper viktiga, (jämförbart med många metallers) samt att Mg 
har en E-modul som ligger mycket nära det kortikala benets och 
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att materialet kan degradera under fysiologiska förhållande till icke-
toxiska biprodukter. 

Baserat på ovanstående kliniska behov och på magnesiumets 
dokumenterade egenskaper var det övergripande målet i denna 
avhandling att introducera och utvärdera nya magnesium-baserade 
implantat för användning i ben.

I Studie I till III undersöktes i en djurmodell lokal frisläppning av 
Mg joner och deras inverkan på hur väl implantaten inkorporerades 
i benvävnaden.

Mg joner laddades till implantatytor som gjorts mesoporösa med 
hjälp av en titandioxid beläggning på ytan. Denna mesoporösa 
yta fungerade som en jonreservoar och frisläppte joner  i direkt 
anslutning till omgivande ben. Studierna kunde sammanfatta att 
Mg påverkade den tidiga inläkningen (3 veckor). Implantaten växte 
snabbare och hårdare fast i benet än de titanimplantat som fungerade 
som kontroller gjorde. Dessutom kunde konstateras att flera 
osteogenetiska markörer  (OC, RUNX-2, IGF-1) var uppreglerade 
i benet. I ljusmikroskopiska undersökningar av histologiska snitt 
visade det sig att Mg laddade implantat hade signifikant mer nybildat 
ben runt om jämfört med oladdade Ti implantat.

Effekten av Mg var mer uttalad under den tidiga läkfasen än vid 
senare tidpunkter, möjligen beroende på snabb frisättning av Mg 
joner. Grad av inflammation och benremodelling var opåverkat av 
magnesium dopade ytor. 

I Studie IV, utvärderades Mg joners möjliga positiva effekt i 
osteoporöst ben. Ovariectomiserade råttor användes för att simulera 
osteoporositet. Mg dopade ytor skapade en signifikant snabbare 
bennybildning jämfört med titankontroller och aktivering av BMP6, 
ett viktigt anabolt medel som normalt är undertryckt i osteoporotiskt 
ben. Dessutom var VEGF, en annan viktig markör för benbildning, 
upp-reglerad i närvaro av Mg. 

I Studie V, undersöktes 3 nyligen tillverkade  Mg-alloyer i syfte att 
användas som temporära implantat. Efter en uppföljningstid in vivo 
om 4 och 12 veckor, analyserades deras degraderingsmönster och 
vävnadsrespons. 
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Degraderingsprocessen studerades med hjälp av högupplösande 
synchrotron-baserad micro computed tomography (SRµCT), 
histologi och kemisk analys. Två av  alloyerna (Mg-10Gd och 
Mg-4Y-3RE) hade lämpligt degraderingsmönster för att tillåta 
samtidig benformation medan en alloy degraderades alldeles för 
snabbt. Degraderingsprocessen kunde korreleras till alloyernas 
kemiska komposition och av biprodukterna. Slutligen analyserades 
genuttryck i det omgivande benet runt implantatet. Flera gener som 
relateras till benbildning var förstärkta runt Mg implantat jämfört 
med titanimplantat. 

I sammanfattning visar denna avhandling att Mg är ett lämpligt 
dopningsämne för att förstärka osseointegration runt permanenta 
implantat, särskilt under den tidiga inläkningsfasen och om 
implanterat i osteoporöst ben. Detta kan vara av betydelse när kort 
läktid önskas i samband med direktbelastning av implantat. 

Dessutom visades att Mg-10Gd och Mg-4Y-3RE är biodegraderbara 
alloyer med en degraderingshastighet och process som kan vara 
lämpligt för bennybildning. Detta behöver dock studeras vidare 
innan materialen kan användas kliniskt. 
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Osteoconductive Potential of Mesoporous Titania
Implant Surfaces Loaded with Magnesium:
An Experimental Study in the Rabbit
Silvia Galli, DDS;* Yoshihito Naito, DDS, PhD;† Johan Karlsson, MS;‡ Wenxiao He, MS;‡

Martin Andersson, MS, PhD;‡ Ann Wennerberg, DDS, PhD;* Ryo Jimbo, DDS, PhD*

ABSTRACT

Background: Mesoporous coatings enable incorporation of functional substances and sustainedly release them at the
implant site. One bioactive substance that can be incorporated in mesoporous is magnesium, which is strongly involved in
bone metabolism and in osteoblast interaction.

Purpose: The aim of this experimental study was to evaluate the effect of incorporation of magnesium into mesoporous
coatings of oral implants on early stages of osseointegration.

Material and Methods: Titanium implants were coated with thin films of mesoporous TiO2 having pore diameters of 6 nm
and were loaded with magnesium. The implant surfaces were extensively characterized by means of interferometry, atomic
force microscopy, scanning electron microscopy, and energy-dispersive spectroscopy and then placed in the tibiae of 10
rabbits. After 3 weeks of healing, osseointegration was evaluated by means of removal torque testing and histology and
histomorphometry.

Results: Histological and biomechanical analyses revealed no side effects and successful osseointegration of the implants.
The biomechanical evaluation evidenced a significant effect of magnesium doping on strengthening the implant-bone
interface.

Conclusions: A local release of magnesium from the implant surfaces enhances implant retention at the early stage of healing
(3 weeks after implantation), which is highly desirable for early loading of the implant.

KEY WORDS: local drug delivery, magnesium, mesoporous titania, nanoporosity, osseointegration, titanium implants

INTRODUCTION

Immediately after the placement of an implant into

bone, a series of critical events occur. Especially crucial

for new bone formation and for the osseointegration of

titanium implants is the recruitment of osteogenic cells

and their migration, differentiation, and adhesion to the

surface of the biomaterial.1

Osteogenic cells respond sensitively to the topo-

graphical, chemical, and physical nature of the implant

surface,2,3 and certain surface properties have been

suggested to modulate the outcome of osseointegra-

tion.4 Recent studies further suggest that biologically

inspired implant surfaces possess bioactivity,5 and

possibly accelerate osseointegration and improve bone

mineralization.6,7

It has been suggested that the homogeneous distri-

bution of nanostructures on an implant surface is one of

the key factors in enhanced bioactivity,8 as cells, pro-

teins, and several other entities interact at the nano

level.9 As the modification of biomaterial surfaces at the

nano scale generally involves modifying not only the

topography but also the chemistry and other physical

properties,10 it is thought that the biological responses
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obtained with such alterations are the result of syner-

gistic effects.11

We have previously developed an interesting surface

modification for titanium implants that maintains the

chemistry but alters the nanotopography, namely a

mesoporous coating.12 The mesoporous coating is a thin

film of titanium oxide with homogeneously distributed

nanopores, which fully cover the base titanium sub-

strate. An interesting feature of this mesoporous surface

is that it has the potential to adsorb more inorganic ions,

resulting in increased apatite formation in simulated

body fluids, compared with its nonporous counter-

part.12 In a study by Harmankaya and colleagues,13 the

mesoporous titania coating was loaded with different

drugs, and it was shown that the surface can indeed

function as a drug carrier matrix and accelerate

osseointegration.13 Thus, this unique nanoporous film

has the potential to be utilized as a host for drugs, pro-

teins, or other chemical substances.

Different surface chemistry modifications have

been proposed and investigated, incorporating different

chemical substances such as calcium, phosphate, mag-

nesium, or fluoride using different techniques.14–17

Calcium phosphate has been among the most exten-

sively studied of these different substances and has been

shown to produce significant biological response.18–21

Furthermore, it has been suggested that the addition of

magnesium to the calcium-containing surface can

improve biomechanical bonding to the surface.22,23

Magnesium is one of the most important elements

in the human body and is involved in the regulation of

numerous biochemical reactions in cells and tissues. For

instance, the biological activation of ATP (adenosine

triphosphate) depends on Mg binding, and the function

of nucleic acids is modulated by Mg ions.24 In the

absence of extracellular Mg, osteoblast proliferation and

metabolism are impaired because Mg acts as a mitogenic

factor for cells.25 Proliferation of osteoblast-like cells is

significantly reduced concomitantly with the reduction

of extracellular Mg2+ in cell cultures26; in addition, the

stimulatory effect of platelet-derived growth factor on

cell growth is suppressed.27 When extracellular Mg con-

centrations are too low, up-regulation of nitric oxide

synthase takes place, and subsequent increase in nitric

oxide levels is observed,25 with possible stimulation of

osteoclast activity. Conversely, the degree of viable cell

coverage on surfaces in the presence of Mg ions was

found to be higher with increasing Mg doses, although

excessively high concentrations of Mg were detrimental

for cells, possibly due to alkalinity.28 Magnesium defi-

ciency has been correlated with impaired bone growth,

skeletal fragility, and osteoporosis in rats, probably due

to an uncoupling of bone proliferation and bone resorp-

tion.29,30 In addition, mineral metabolism and calcifica-

tion in bone are influenced by Mg ions,31 which are

known to bind at active growth sites during hydroxyapa-

tite crystallization and to hinder the formation of exces-

sively big and perfect crystals that would make the bone

brittle.32 Results from in vitro studies have demonstrated

higher cell adhesion on Mg surfaces due to an integrin-

mediated mechanism,33–35 and in vivo studies have

shown that Mg-incorporating implants enhance the

mineralization of newly formed bone.36,37

In the present study, magnesium was chosen as the

chemical element to incorporate into the mesoporous

TiO2 surface. The loading of Mg was performed by

means of physical adsorption. It was hypothesized that

the release of Mg from the mesoporous TiO2 implants

would significantly promote initial osteoconduction and

improve the interfacial bonding strength of the implants

to the bone. Thus, the implants were inserted in the

rabbit tibiae, and the effect of Mg incorporation was

evaluated biomechanically and histologically after 3

weeks in vivo. A period of 3 weeks after implantation in

the rabbit model has been used in past studies to observe

relatively early bone healing.38,39 Therefore, this time

frame was chosen to test the hypothesis that the initial

release of Mg from the nanostructured surface would

influence surface osteoconductivity and the early phe-

nomena of new bone formation.

MATERIALS AND METHODS

Material Preparation

Forty commercially available threaded titanium implants

(Neodent, Curitiba, Brazil) with a diameter of 3.5 mm

and a length of 7 mm were used for this study. All the

implants had originally turned surfaces. Mesoporous

TiO2 coatings were formed on the implant surfaces using

the evaporation-induced self-assembly method, as pre-

viously described.12 In brief, the Pluronic P123 solution

(a triblock copolymer, ethylene glycol20–propylene

glycol70–ethylene glycol20), used as a template, was dis-

solved in ethanol (99.5%) and then stirred vigorously for

1 hour. In a separate vial, another solution containing

titanium (IV) tetraethoxide, the inorganic precursor, was
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mixed and stirred with concentrated hydrochloric acid.

The two solutions, in the concentrations necessary to

obtain a cubic mesoporous structure,40 were then mixed

together. The solution was deposited onto titanium

implants; a homogeneous film was then formed by spin-

coating for 1 minute at 7500 rpm. The coated implants

were kept at room temperature overnight to complete the

self-assembly process of the template and to further

evaporate solvents. The dried thin films were calcinated

for 4 hours at 350°C in order to remove the template and

increase the cross-linking density of the titania through

condensation.

Thereafter, a solution of magnesium chloride dis-

solved in Milli-Q water (Millipore Corporation,Billerica,

MA, USA; 1:99) was prepared, and half of the samples

were soaked in it for an hour. The liquid in excess was

then removed by nitrogen gas, and the samples were put

in a vacuum oven at 100°C for half an hour.

The rest of the implants, without Mg loading, were

used as controls. Twenty-eight of the implants pre-

pared were implanted, while 12 were used for material

characterization.

The same procedure was used to apply the

mesoporous coating to six titanium discs, half of which

were loaded with the magnesium chloride solution.

Material Characterization

Characterization of the topography, morphology, and

chemical composition of the surfaces was performed.

Interferometry. Surface roughness was investigated with

white-light optical interferometry, whose principles are

described elsewhere.41 A MicroXAM (ADE Phase Shift

Technology, Inc., Tucson, AZ, USA) was used for this

experiment, and it was set to a ×50 objective, a zoom

factor of 0.625, a vertical range of measurement of

100 μm, and a standard scanning area of 264 × 200 μm.

The area of measurement was eventually adjusted to fit

the surface shape. Three implants per group were mea-

sured, and the sampling took place in random areas

of three tops, three valleys, and three flanks of each

implant.

To filter out the waviness and the form from the

actual roughness, a Gaussian filter 50 × 50 μm in size was

applied, as suggested in the guidelines by Wennerberg

and Albrektsson.41 Numerical descriptions of the sur-

face topography were obtained through the software

SurfaScan (Somicromic Instrument, Lyon, France), and

four parameters were chosen: arithmetic mean rough-

ness (Sa), developed surface area ratio (Sdr), density of the

summits in the sampling area (Sds), and skewness of the

height deviation (Ssk).

Visual figures of the surfaces were obtained with

MountainsMap software (Digital Surf, Besançon,

France) and were used for qualitative evaluation.

Atomic Force Microscopy. Atomic force microscopy (XE-

100, Park Systems, Suwon, Korea) was used to evaluate

the coated discs at the nanometer level. Three discs per

coating type were selected for the analysis, and three

randomly chosen regions were measured on each. The

microscope operated in a tapping mode in air and at

room temperature, and three scan areas were acquired

for each region (10 μm2, 1 μm2, and 500 nm2). Imaging

and parametric calculation were performed after the

removal of form and waviness by Gaussian filtering

(2.5 μm2, 0.25 μm2, and 125 nm2, respectively, for the

three different scan areas) with the MountainsMap soft-

ware. The same parameters used for interferometer

analysis (Sa, Sdr, Sds) were evaluated.

Scanning Electron Microscopy. Scanning electron

microscopy (SEM) was used to visualize the surface

morphology in terms of the porosity and coating thick-

ness of the mesoporous matrix. A Leo Ultra 55 FEG

Instrument (Zeiss, Oberkochen, Germany) was used

with an accelerating voltage of 5 kV. An in-lens second-

ary electron detector was utilized for visualization of the

pores and the coating thickness. Micrographs were taken

at different areas of the implant surfaces, randomly

chosen, and again, the measurements were run on

three samples per group. Different magnifications were

applied (ranging from ×70 to ×200,000).

Energy-Dispersive Spectroscopy. The implants were ana-

lyzed chemically utilizing electron-dispersive spectros-

copy (EDS). The acceleration voltage of the electron

beam used was set to 12 kV, and it was directed to ran-

domly chosen areas of the implant surfaces. The emitted

spectra were detected and analyzed using the Oxford Inca

EDS system (Oxford Instruments, Abingdon, UK).

Animals and Surgical Procedures

The animal trial was conducted with approval from the

ethical committee for animal experiments at the Ecole

Nationale Veterinaire D’Alfort, Maisons-Alfort, France.
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Adequate procedures were conducted to minimize

animal pain and discomfort.

Ten female New Zealand White rabbits weighing

between 3 and 3.6 kg were used for this study.

General anesthesia was induced in the animals by

intramuscular injection of 250 μm/kg of medetomidine

(Domitor; Zoetis, Florham Park, NJ, USA), 20 mg/kg

of ketamine (Imalgène 1000; Merial, Lyon, France),

and 1 mg/kg of diazepam (Valium; Roche, Basel,

Switzerland). Intramuscular injection of 0.2 mg/kg

of meloxicam (Metacam; Boehringer Ingelheim

Vetmedica, Inc., Ridgefield, CT, USA) and subcutane-

ous injection of 30 μg/kg of buprenorphine (Buprecare;

Animalcare, York, UK) followed.

Constant perfusion of NaCl 0.9% was maintained

intravenously during the course of the intervention. The

rabbits were kept on spontaneous ventilation with

100% O2, and gaseous isoflurane 0.5% was added if

necessary.

In the tibia of each rabbit, a longitudinal incision

was made, a full-thickness flap was elevated, and the

bone was exposed. A sequence of round burs with diam-

eters from 2 to 3.15 mm were used at a drilling speed of

1200 rpm to prepare the implant bed. Countersinking

was performed with a final drill of 3.5 mm. One implant

of either the test or the control group was inserted in

each tibia, engaging only the upper cortical bone. In four

animals, two implants of the same group were placed in

each tibia. Primary wound closure was obtained with a

resorbable suture (Vicryl 3.0, Ethicon, Cincinnati, OH,

USA). Each rabbit received the test implants in one leg

and the controls in the other, with a randomized alloca-

tion of the sample type.

After the surgery, a fentanyl patch (Duragesic;

Janssen Pharmaceutica, Beerse, Belgium) was attached

to the shaved necks of the animals, and the fentanyl was

allowed to diffuse for 3 days. Antibiotics (enrofloxacin,

200 mg/L; Baytril; Bayer Animal Health, Leverkusen,

Germany) were dissolved in the water of the animals for

5 days. Analgesia with meloxicam (Metacam) was

started 48 hours after the intervention and maintained

for 5 days. The rabbits were kept in separate cages and

fed ad libitum.

After 3 weeks of healing, the rabbits were sacrificed

with a lethal injection of sodium pentobarbital

(Euthasol; Virbac, Fort Worth, TX, USA).

The animal legs were dissected, and a removal

torque test was performed with a manual torque wrench

(Tohnichi, Tokyo, Japan). The calibrated instrument was

connected to the implant, which was unscrewed until

interfacial failure. The instrument displayed the peak

resistance to the rotational force in Ncm, and that value

was recorded as the removal torque value of the implant

(the moment of force needed to loosen the implants

from the bone).

Histological Analysis

In order to examine the new bone formation around the

implants, four implants per type were retrieved with the

surrounding bone and processed for histological analy-

ses. The retrieved bone blocks were placed in ethanol

70% for transportation in the laboratory, where they

underwent fixation and dehydration. Subsequently, the

samples were infiltrated with 2-hydroxyethyl methacry-

late light-curing resin (Technovit 7200 VLC; Heraeus

Kulzer, Wehrheim, Germany) and finally embedded in

the same resin.

Non-decalcified sections were then cut with an

Exakt saw (Exakt Apparatebau, Norderstedt, Germany)

parallel to the long axis of the implant and ground down

to a thickness between 30 and 10 μm following the

cutting-grinding technique.42 The sections were stained

with toluidine blue–pyronin dye and then observed with

light microscopy (Eclipse ME600; Nikon, Tokyo, Japan).

Histomorphometric measurements were performed

using ImageJ software (National Institutes of Health,

Bethesda, MD, USA) for image analyses at ×40 magnifi-

cation. The parameters evaluated were (i) bone-to-

implant contact (BIC), the percentage of implant

surface in direct contact with the bone matrix, measured

in the three best consecutive threads, and (ii) bone area

(BA), percentage of the area inside a thread occupied by

bone.

Statistical Methods

The statistical analyses were performed with SPSS soft-

ware (IBM, Armonk, NY, USA).

Student’s t-test was used to compare the surface

data obtained with the interferometer in order to

examine the differences in surface characteristics

produced by the magnesium loading. With the same

purpose, results obtained with atomic force microscopy

were compared using the Mann-Whitney test, a non-

parametric test, due to the reduced number of measure-

ments (nine per magnification per type of sample).
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The Wilcoxon signed-rank test was used to compare

the removal torque and histomorphometric values. This

test compares the means of the ranks of the data in the

two groups; it was chosen due to the reduced number of

samples, which did not allow a robust assessment of the

normality of the distribution of the values. In addition,

with this test it was possible to consider samples in the

same animal as related.

For both tests, the two-tailed level of significance

was set at p 2 .05.

RESULTS

Surface Characterization

Interferometer. The results are summarized in Table 1

and Figure 1. They showed that the implant surfaces were

rather smooth, with average Sa values of 0.2 μm for both

test and control surfaces and average Sdr values of 13.9%

and 9.0% for the test and the control samples, respec-

tively. The positive average values of Ssk described

surfaces with on average more peaks than pits at a micro-

scopic level. The means of the surface parameters

between test and control samples were compared

statistically (Student’s t-test) to detect if the Mg treat-

ment affected the topography. No significant differences

were found for any of the parameters, although a ten-

dency for the test surface to have a greater surface area was

noticed.

Atomic Force Microscopy. The reconstructed images are

displayed in Figure 2, and the numerical parameters are

shown in Table 2. On both test and control surfaces, the

nanostructures appeared to be homogeneously distrib-

uted. The statistical comparison of the test and control

samples served to evaluate the influence of magnesium

adsorption on the nanoroughness. A significant differ-

ence was observed between the test and the control

surface, especially in the smaller scan areas, suggesting

that the chemical modification of the surfaces with mag-

nesium changed the nanotopography.

Scanning Electron Microscopy. The SEM micrographs

obtained are shown in Figure 3.The micrographs showed

a homogeneous topography of the surface, with evenly

distributed pores with an average pore size of 6 nm. The

thickness of the mesoporous layers was measured in a

scratched area (Figure 4),and film thickness was found to

be 200 nm. The appearance of the mesoporous surfaces

reflected what has previously been described.12

Energy-Dispersive Spectroscopy. The elements detected

on the surfaces by spectroscopy are presented by atomic

percentage in Table 3. The examination confirmed the

loading of Mg onto the titania surface, while the element

was not present in the native mesoporous layers. Both

the surfaces consisted of Ti and O.

In Vivo Experimentation

No animals died during the surgery or in the postopera-

tive period, and all the animals healed uneventfully. No

disabilities in motion were noticed, and no infection or

flap dehiscence was observed.At the time of dissection,all

TABLE 1 Topographical Analyses Done with Interferometer

Sa (μm) Sds (/mm2) Ssk Sdr (%)

Control (mean 1 SD) 0.25 1 0.09 170297.74 1 43992.1 3.05 1 9.58 9.06 1 6.01

Test (mean 1 SD) 0.26 1 0.09 162842.7 1 62664.0 7.21 1 14.65 13.89 1 11.91

p Value (Student’s t-test) 0.9 0.6 0.2 0.06

Sa = arithmetic mean roughness; Sdr = developed surface-area ratio; Ssk = skewness of the height deviation; Sds = density of the summits in the sampling
area.

Figure 1 Three-dimensional topographical image of an implant
surface obtained with white-light optical interferometer
(scan area 200 × 110 μm). The surface appears turned at a
micrometer level.
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the implants were in place, and no signs of fibrous inte-

gration (mobility, lack of stability) or infection were

detected. The implants appeared osseointegrated and

were well positioned in the tibiae, surrounded by restored

cortical bone, with no signs of periosteal reaction.

Removal Torque Test. The values of the removal torque

analysis are displayed in Figure 5. The mean removal

torque values were 21.9 1 11.2 Ncm for the control

group and 34.6 1 12.9 Ncm for the test group; the dif-

ference between the two was statistically significant

(p = .012).

Histological Results. Representative histological pictures

of one test and one control implant are shown in

Figure 6.

New bone apposition was observed around all the

implants. The newly formed bone tissue, which filled

the space between the still-visible osteotomy lines and

the implant surface, showed a high number of osteocyte

lacunae and osteons. Both periosteal and endosteal reac-

tions were observable on most of the implants. The

implants were engaged in the bone mostly in the coronal

half, while the lower threads were within the medullar

canal.

BIC (mean 1 SD), measured in the three best

threads for each implant, was 8.5 1 3.4% and

15.2 1 7.6% for the control and test groups, respectively.

The BA was on average 74.4 1 5.2% for the control

implants and 66.6 1 10.3% for the test implants. The

mean percentage BIC for the test group was almost

double that of the control. However, the Wilcoxon

signed-rank test for related samples did not show a sta-

tistically significant difference between control and test

groups, either for BIC or BA values (p = .2 and .3,

respectively).

DISCUSSION

In the present study, the peri-implant bone response to

implant surfaces coated with a mesoporous titania layer

A

C

B

D

Figure 2 Descriptive three-dimensional images of the implant surfaces obtained with atomic force microscopy. A and C, Native
mesoporous coating. B and D, Mesoporous coating with Mg ions. A and B, Scan size 1 μm2. C and D, Scan size 500 nm2. At scan sizes
of 1 μm2 and 500 nm2, a homogeneously arranged nanostructure is visible.
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with and without magnesium loading was evaluated.

The results after 3 weeks in vivo showed that the addi-

tion of Mg to the surfaces significantly enhanced the

early osseointegration of implants, as observed in the
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Figure 3 Scanning electron microscopy images of the implant
surfaces, where it is possible to visualize the mesopores of the
titanium coating. The pores are approximately 6 nm in
diameter. A, Native mesoporous coating, magnification
×230,000 (bar 100 nm) B, Mg-loaded mesoporous coating,
magnification ×230,000 (bar 100 nm).

Figure 4 Scanning electron microscopy image of a scratch in
the mesoporous coating. It is possible to observe the thickness
of the coating, around 200 nm, and the underlying surface of
the titanium bulk (magnification ×270,000, bar 100 nm).
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biomechanical removal torque testing. The results

obtained confirmed those of previous studies that pro-

posed the use of Mg as a bioactive element on implant

surfaces to influence and accelerate osseointegration. Sul

and colleagues tested the biomechanical strength of

implants incorporating different atomic concentrations

of Mg in several studies in the rabbit tibia.15,39,43,44 In one

study, they evaluated the effects of Mg-doped surfaces,

comparing them with turned implants, and found that

the interfacial strength presented dose dependency and

the most favorable composition was around 9 atomic

percent Mg.15 Similar results were obtained by Cho and

colleagues, who investigated the differences in peri-

implant bone healing around blasted implants with

various atomic concentrations of Mg and compared the

biologic outcome with that of grit-blasted implants

without Mg as controls.45 After 6 weeks of implantation

in the rabbit tibia, the statistically significantly highest

values of reverse torque measurements were observed

for the implants with 9 atomic percent Mg on the

surface. Of great interest is that the amount of Mg

adsorbed on samples treated with physical adsorption

in the current study was 8 atomic percent Mg, as

demonstrated in an in vitro study applying the same

surface preparation,46 which corresponds to the above-

discussed previous investigations.15,45

TABLE 3 Chemical Composition Obtained Using
Energy-Dispersive Spectroscopy on Three Different
Areas for Each Implant Type (Top, Flank, and Valley)

C O Mg Ti

MP top 5.04 43.74 0 51.22

MP flank 7.65 59.18 0 33.17

MP valley 4.42 34.53 0 61.06

MP-Mg top 9.96 50.84 0.52 38.68

MP-Mg flank 6.11 55.46 0.78 37.66

MP-Mg valley 5.09 45.45 1.64 47.82

Values are expressed in atomic percentage.
MP = native mesoporous coating; MP-Mg = mesoporous coating loaded
with Mg ions.

Figure 5 Removal torque (RTQ) values for test and control
implants. The test implants were found to have a stronger
bone-to-implant interface, as revealed by the statistically
significantly greater force required to loosen the screws from the
bone. The statistical test used was the Wiloxon signed-rank test,
a nonparametric test for paired samples.

A

B

100 µm

100 µm

Figure 6 Histological sections of a test implant and a control
implant observed using light microscopy. A, Control implant
(magnification ×20). B, Test implant (magnification ×20).
Toluidine blue staining. Evidence of new bone formation within
the threads of both implants and in close contact with the
surfaces is shown. Osteocyte lacunae are visible.
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Sul and colleagues utilized the term “biomechanical

bonding” to describe the stronger interface between the

thicker oxide layer of Mg and the bone, although it is still

difficult to discriminate between the role of the surface

chemistry and that of the surface topography in the

bone healing. In an in vivo study by Kang and col-

leagues,47 no superiority was observed in the behavior

of Mg-incorporating implants; on the contrary, laser-

etched implants showed a higher interfacial strength and

better bone-to-implant contact. However, the surface

roughness of the laser-treated implants was significantly

higher than that of the Mg-treated implants, which also

had a significantly smaller developed area. Biomechani-

cal interlocking with the highly porous and rough

surface may be the reason why the rougher laser-etched

implants outperformed the smoother Mg-incorporating

implants in that study and no positive effect of bio-

chemical bonding could be observed.

In the current investigation, Mg was added onto

smooth surfaces (Sa 0.2 μm and Sdr 9–13%) and appar-

ently did not affect the surface roughness on the micro-

scopic level, as shown by the similarity of interferometer

data between the test and control samples. The only

value that showed an increasing trend for test surfaces

was Sdr. This could be attributed to the difference in

oxide thickness, which is commonly observed on

Mg-doped surfaces due to the calcination process, which

is in accordance with previous reports.48 Thus, it can be

suggested that the addition of Mg did not significantly

alter the topography at the micrometer level. SEM con-

firmed this finding, as the test and the control surfaces

could not be distinguished at any magnification.

A point of particular interest regarding the surface

architecture used in the current study is that it combines

an ordered nanopattern and the possibility of incor-

porating bioactive elements, which can spur osteo-

conduction. The nanotopography was studied for both

surface modifications with atomic force microscopy

and SEM. A significant difference in roughness at the

nanoscopic level was observed after the addition of Mg.

However, the Mg on the top of the surfaces was expected

to be released very rapidly, in contrast to the Mg

adsorbed into the porous network, which was expected

to have a sustained release profile. Due to this behavior,

the time during which Mg was attached at the top

of the surface and the consequent difference in

nanotopography were probably only transient and had a

negligible effect.

It was demonstrated that the Mg-loaded surfaces

required significantly higher removal torque to be

detached from the bone. In a previous study, in the

presence of surfaces chemically modified with sub-

stances such as Mg, bonding failure during removal

torque testing occurred more often within the bone than

at the bone-implant interface.43 This is an indication

that the chemical effect of Mg improved bone mineral-

ization, which may improve bone quality.

Moreover, the removal torque values were also high

for the control implants (mean values of 21 Ncm). In a

recent in vivo study, Jimbo and colleagues6 demon-

strated that the presence of nanostructures on implant

surfaces significantly strengthened the mechanical prop-

erties of bone in proximity to the implant. A significant

influence of nanostructures on bone response was also

shown in a recent report from Wennerberg and col-

leagues.49 The authors assessed the degree of biome-

chanical bonding of surfaces with similar chemistry and

microtopography but different nanotopography and

wettability. They observed that the nanotopography had

significant influence on the interfacial strength. Hence,

the biologic outcome of the current study was due in

part to the nanostructure of the base substrate and was

further improved with the chemical effects of Mg.

The corresponding histologic evaluation suggested

that for both control and test surfaces, the bone healing

around the implants after 3 weeks in vivo presented no

signs of major inflammation or the localization of mul-

tinucleated giant cells, which could have led to bone

resorption. In general, bone around both surfaces pre-

sented an immature woven bone structure, and newly

formed bone was in close contact with the implant, espe-

cially in the cortical region. Although the number of

samples utilized for histology was restricted to four,

the mean histomorphometric values were higher for

the Mg-loaded mesoporous implants. Due to the low

number of samples, the statistical conclusions cannot be

considered robust; however, the mean values presented

are in accordance with the biomechanical outcomes.

Thus, it can be speculated that the high removal torque

values obtained for the Mg-loaded surfaces are a result

of improved bone quality around the implant and more

bone attachment to the implant.

Mesoporous materials are defined as having a pore

size between 2 and 50 nm.50 Their ordered structure

is derived from self-assembly of a structure-directing

agent and an inorganic precursor. The various
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parameters of the reaction (pH, temperature, and

solvent) and the template/inorganic ratio determine the

aggregation structure. In the current study, the reaction

parameters and the concentration of reagents were

chosen to produce a cubic structure, to make sure that

the pores (6 nm in diameter) were facing out from the

surface.12 In this way, the incorporated substances could

subsequently be released to the surrounding bone tissue.

The high pore volume and the high specific surface area

of the mesoporous matrix enabled the required amount

of Mg for therapeutic effects to be hosted.

However, the release rate of Mg could be a factor to

consider for further improvements. Mesoporous mate-

rials possess features that can fine-tune the release of the

active substance; for future studies it would be of interest

to optimize the release of Mg from the surface to deter-

mine how the biologic effect of Mg incorporation could

be maximized.

CONCLUSIONS

In the current study, titanium implants with a

mesoporous surface where Mg had been incorporated

showed stronger interaction with bone compared with

their controls, coated with mesoporous titania without

magnesium, after 3 weeks of healing in rabbit. The

removal torque values were statistically significantly

higher for the test samples, which were loaded with Mg.

The implants were characterized morphologically, topo-

graphically, and chemically before placement, showing a

comparable roughness and a homogeneous distribution

of nanopores of 6 nm in diameter; the only difference

between the test and control groups was the presence of

Mg on the test surfaces.

The histological evaluation displayed bone forma-

tion around all surfaces. Moreover, a tendency toward

more bone-to-implant contact for the Mg-loaded sur-

faces was observed.

Based on the in vivo study performed, it can be

concluded that a local release of magnesium from

implant surfaces can enhance osseointegration at the

early stage of healing (3 weeks), which is highly desirable

for early loading of the implant.
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a b s t r a c t

Local release of Mg ions from titanium implant surfaces has been shown to enhance implant retention
and integration. To clarify the biological events that lead to this positive outcome, threaded implants
coated with mesoporous TiO2 thin films were loaded with Mg-ions and placed in the tibia of rabbits
for 3 weeks, after surface characterization. Non-loaded mesoporous coated implants were used as
controls. Peri-implant gene expression of a set of osteogenic and inflammatory assays was quantified
by means of real-time quantitative polymerase chain reaction. The expression of three osteogenic
markers (OC, RUNX-2 and IGF-1) was significantly more pronounced in the test specimens, suggesting
that the release of Mg ions directly at the implant sites may stimulate an osteogenic environment.
Furthermore, bone healing around implants was evaluated on histological slides and by diffraction-
enhanced imaging (DEI), using synchrotron radiation. The histological analysis demonstrated new bone
formation around all implants, without negative responses, with a significant increase in the number
of threads filled with new bone for test surfaces. DEI analysis attested the high mineral content of the
newly formed bone. Improved surface osteoconductivity and increased expression of genes involved in
the bone regeneration were found for magnesium-incorporation of mesoporous TiO2 coatings.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The high success rate of titanium implant treatments depends
on the reparative capacity of the host bone to establish intimate
contact with the implant surface [1].

The implant surface, predominantly titanium oxide, can be
modified by different means to enhance the migration and adhe-
sion of osteoblast progenitors and sustain the cell activation and
bone formation directly adjacent to the implant.

Osteogenic cells and proteins of the extracellular matrix can
interact with nano-sized surface features, triggering biological
pathways for faster bone healing [2–5]. Intriguingly, most of the
commercially available implants possess randomized nano-sized

surface features, normally formed spontaneously by the oxidation
of titanium in air [6]. However, it has been shown that only homo-
geneously distributed and organized nanostructures lead to
improvement in bone quality and rate of osseointegration [7,8].

One interesting homogeneous nano-modification of implant
surfaces is to add a mesoporous coating. This unique surface coat-
ing with a high degree of porosity is an interesting example of an
engineered surface that consists of a nanostructured matrix capa-
ble of incorporating and releasing drugs and bioactive substances
[9,10]. Cubic mesoporous TiO2 coatings possess a pore volume
and specific surface area that make them suitable for immobiliza-
tion of a sufficient amount of drugs at the implant surface and to
sustainably release them into the peri-implant bone, targeting
the biology of the healing process. The combination of a mesopor-
ous carrier coating on Ti implants and two osteoporosis drugs,
raloxifene and alendronate, has been shown to improve implant
fixation into rat bone [9]. The sustained release profiles of these
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drugs from the mesoporous reticle have been shown by the present
authors using QCM-D evaluation [9].

Previous reports have shown that this nanoporous surface can
provide a basis for physically absorbed magnesium, which upon
in vivo release influences osteogenesis [11,12]. Magnesium is one
of the inorganic components in bone tissue, and it plays a crucial
role in skeletal development. Magnesium ion supplementation
has been shown to improve integrin-mediated osteoblast adhesion
to biomaterials [13], which results in higher gene expression of
extracellular matrix proteins. Moreover, magnesium ions act as
nuclei for hydroxyapatite formation, improving the mineralization
properties of the bone matrix [14,15].

Magnesium doping of implant surfaces has been shown to
result in an accelerated and enhanced osseointegration in vivo
[16–20]. In removal torque testing, it was shown that the fracture
phase at the bone interface occurred mainly within the peri-
implant bone for the Mg-doped implant surface [21]. Sul et al.
[22] suggested that the modification of the titanium oxide with
magnesium results in a so-called ‘‘biochemical bonding’’ of the sur-
faces with bone, probably as a result of the change in the surface
polarity (from negative to positive) and an improved chemical
interaction between the local environment and the altered surface.
In a previous rabbit study, the present authors observed signifi-
cantly higher removal torque values for mesoporous implant
surfaces loaded with Mg ions compared with non-loaded controls,
after 3 weeks of healing [11]. In that study, two groups of implants
with the same macrogeometry and identical mesoporous coatings,
differing only in the addition of physically adsorbed magnesium in
the test group, were placed in rabbit tibiae for 3 weeks. The
implant–bone mechanical interlocking was significantly stronger
for the magnesium-loaded implants than for the controls. It was
speculated that the spontaneous release of magnesium from the
mesoporous surface significantly influenced the initial osseointe-
gration cascade, which provided better stability of the implant.

Since the previous study was only a biomechanical investiga-
tion, it was of great interest to evaluate the osseointegration also
histologically at the early healing stage of 3 weeks in rabbits. In
order to explore the influence of magnesium loading at the molec-
ular level, analysis of the gene expression in the peri-implant bone
was carried out by means of real-time quantitative polymerase
chain reaction (RT-qPCR). A relatively short healing time of
3 weeks was chosen in order to investigate the early bone response
to the Mg ions release, which was expected to occur predominantly
in the first days after implantation. X-ray diffraction-enhanced
imaging (DEI) using synchrotron radiation-based radiography and
in-line phase-contrast imaging was also used to obtain diffrac-
tion-enhanced images, which, in addition to conventional histol-
ogy and histomorphometry, may provide detailed information on
mineralization and architecture of the bone formed around the
implants.

The hypothesis was that the local release of Mg ions from the
implant surfaces stimulates the osteogenic response in the
peri-implant bone, resulting in the formation of an enhanced
bone–implant interface.

2. Materials and methods

2.1. Implants

Threaded screws of commercially pure titanium, grade V, with a
turned surface were used in this study. The implants were coated
with cubic mesoporous TiO2 thin films by evaporation-induced
self-assembly. The structure-directing agent solution was 0.5 g of
Pluronic� P123 dissolved in 8.5 g ethanol (99.5%). In a separate vial,
2.1 g of titanium(IV) ethoxide was used as the inorganic precursor,

dissolved in 1.6 g concentrated HCl. The solutions of the structure-
directing agent and the inorganic precursor were subsequently
mixed together. The implant surfaces were coated with the mixed
solution by spin coating at 7500 rpm for 1 min, and they were
dried overnight to achieve self-assembly of the TiO2 structure.
The implants were then calcined at 350 �C for 4 h to remove the
solvents and increase the cross-linking density of the titania films.

Twenty-six of the coated implants were immersed in a solution
of magnesium-chloride with a concentration of 10 mg ml�1 to
obtain the physical deposition of Mg ions inside the porous matric
(test group), while the other 26 were kept as pure mesoporous
controls (control group). Of the prepared implants, 12 were used
for surface characterization, and 40 were used for the in vivo
experiment.

Surface topography measurements were performed, by means
of MicroXAM optical white light interferometry (ADE Phase shift
technology, Inc., Arizona, USA) on six implants randomly selected
(three controls and three tests) as previously described by Wen-
nerberg and Albrektsson [23]. Three thread peaks, three valleys
and three flanks were analyzed for each implant, with a scan area
of 264 � 200 lm, a vertical measurement range of 100 lm and
using a 50� zoom. Data evaluation was performed with Mountain
Maps software (Digital Surf, France), waviness and form were
filtered out with a 50 � 50 lm Gaussian filter, and roughness
was described by three selected surface parameters: Sa, Sdr and Sds.

Six implants, three with Mg and three without, were observed
using scanning electron microscopy (SEM) to evaluate the mor-
phology of the coatings. Micrographs were taken with a Leo
Ultra55 FEG Instrument (Zeiss, Oberkochen, Germany), and the
electron beam had an accelerating voltage of 5 kV. Randomly
chosen areas of the surfaces were visualized at different magnifica-
tions (range 70–200,000�).

2.2. Surgical procedure

Ten mature female New Zealand White rabbits (mean weight
3.3 kg) were selected for this animal trial, and approval from the
ethical committee for animal experiments at the Ecole Nationelle
Veterinaire D’Alfort, Masion D’Alfort, France, was obtained. Animal
pain and discomfort was minimized during the entire experiment.
In addition, the experiment was carried out following the ARRIVE
guidelines [24].

Intramuscular injection of 250 ll kg�1 of medetomidine (Dom-
itor, Zoetis, France) + 20 mg kg�1 ketamine (Imalgène 1000, Merial,
Sanofi, France) + 1 mg kg�1 of diazepam (Valium, Roche, France)
was used to induce general anesthesia in the animals. Analgesic
drugs (buprenorphine, Buprécare, Animalcare, UK, and meloxicam,
Metacam, Boehringer Ingelheim Vetmedica, Inc., USA) were admin-
istrated by injection.

After incision of the skin and elevation of a full-thickness flap,
implant sites were prepared by drilling with a sequence of round
burs, under constant irrigation, in the medial plates of the rabbit
proximal tibiae. Each rabbit received two test implants in one of
the tibia and two control implants in the contralateral side, with
random allocation between the left and right leg, to minimize
placement bias. The surgeon was blinded to the implant type.
Afterwards, the flap was sutured with resorbable Vicryl (3.0).

As a support to the analgesic therapy, a patch of fentanyl (Dura-
gesic, Janssen Pharmaceutica, Beerse, Belgium) was used for each
animal for 3 days. Antibiotic (enrofloxacin, 200 mg l�1, Baytril,
Bayer Animal Health, Germany) was administrated orally for
5 days. The rabbits were kept in separate cages and fed ad libitum.

Three weeks after implant placement, the rabbits were eutha-
nized with an overdose of sodium pentobarbital (Euthasol, Virbac,
Fort Worth, USA). The proximal implants underwent biomechani-
cal testing, and the results were reported elsewhere [11]. The
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removed screws with surrounding bone debris were placed in
RNAlater (Life Technologies, Thermo Fisher Scientific, Walthman,
MA, USA) solution to preserve mRNA. Bone blocks including the
distal implants were prepared for histological examination and
synchrotron radiation-based imaging.

2.3. Gene expression

The removed screws with a small amount of attached bone
where stored in RNAlater (Life Technologies, Thermo Fisher
Scientific, Walthman, MA, USA) overnight at 4 �C and then frozen
at �20 �C. Twenty samples, 10 tests and 10 controls, were
processed for gene expression analysis within 3 months after
harvesting.

All the procedures where performed in an RNAase-free environ-
ment and with proper refrigeration. The samples were centrifuged
at 1500 rcf for 5 min at 4 �C, thereafter RNA was removed by pipet-
ting. Each sample was dissolved in 1 ml TRIzol (Gibco BRL, Carlsbad,
CA, USA) and then homogenized twice for 20 s with a rotor–
stator-type homogenizer for tissue disruption, while kept in a refrig-
erated container. After addition of 0.2 ml chloroform, the samples
were vortexed for 15 s and then incubated for 3 min at room temper-
ature. The tubeswere centrifuged at 15,000 rcf for 15min at 4 �C. The
top aqueous phase was carefully transferred to new 1.5 ml RNAase-
free tubes and diluted with absolute ethanol. The solutions were
purified with HiBind RNA Microcolumns (EZNA RNA solutions,
VWR International, Randor, PA, USA), with spin columns and collec-
tion tubes. The samples were washed with different RNA Wash buf-
fers (EZNA RNA solutions, VWR International, Randor, PA, USA) and a
DNase solution (EZNA RNA solutions, VWR International, Randor, PA,
USA), to get rid of the genomic DNA. Eachwashing stepwas followed
by centrifugation, and the flow-through was discarded. Finally, RNA
was eluted with nuclease-free water and quantified with a Nano-
Drop ND-1000 spectrophotometer (Thermo Scientific, NanoDrop
Technologies, Wilmington, DE, USA).

A High Capacity cDNA Reverse Transcription Kit (Invitrogen,
Life Technologies, Carlsbad, CA, USA) was used for the synthesis
of cDNA for relative quantification of mRNA.

Subsequently, RT-qPCR was performed in 20-ll reactions using
SYBR� green labeled gene assays (PrimerDesign Ltd, Southampton,
UK) on a 96-well StepOnePlus™ device (Applied Biosystems, Foster
City, CA, USA). All samples were analyzed in duplicate, and the list
of gene assayed is given in Table 1. Relative quantification of gene
expression was carried out using the DDCT algorithm, with GAPDH
selected as the reference gene [25] and one sample from the
control group selected as the calibrator [26].

2.4. Histological preparation

The bone-implant blocks were dehydrated in ascending ethanol
concentrations and subsequently infiltrated with light curing resin.
After resin embedding, non-decalcified sections were cut along the
longitudinal axis of the implants and then ground down to a final
thickness of �20 lm. The sections were stained with Toluidine
blue and evaluated using optical light microscopy (Eclipse
ME600; Nikon, Tokyo, Japan). Histomorphometry was performed
with Image J software (NIH, USA), and bone-to-implant contact
(BIC%) and bone area in the threads (BA%) were measured for the
three most coronal threads. During the histomorphometrical mea-
surements, the main operator was blinded for tests and controls.

2.5. Synchrotron tomography

Of the 20 samples that were histologically analyzed, four were
selected (two test and two controls) for evaluation with synchro-
tron radiation-based radiography to obtain diffraction-enhanced
images.

The radiography was carried out at the SAGA Light source
(SAGA-LS) in Tosu, Japan, on beam line 07. Monochromatic X-rays
with photon energy of 24.7 keV were collimated. Transmitted

Table 1
Sense (S) and antisense (A) sequences of the oligonucleotides used as gene assays for RT-qPCR; for each gene, official name, abbreviation and trivial synonym (in italic) are
reported.

Target name Abbreviation Oligonucleotide sequence Amplicon size (bp) Species

Glyceraldehyde-3-phosphate dehydrogenase GAPDH S Oryctolagus cuniculus
A

Alkaline phosphatase ALP S 50-TGGACCTCGTGGACATCTG-30 80 Oryctolagus cuniculus
A 50-CAGGAGTTCAGTGCGGTTC-30

Bone gamma-carboxyglutamate protein (Osteocalcin) BGLAP (OC) S 50-GCTCAHCCTTCGTGTCCAAG-30 70 Oryctolagus cuniculus
A 50-CCGTCGATCAGTTGGCGC-30

Collagen, type I, alpha 1 COL1A1 S 50-GGAAACGATGGTGCTACTGG-30 83 Oryctolagus cuniculus
A 50-CCGACAGCTCCAGGGAAG-30

Runt-related transcription factor 2 RUNX2 S 50-GCAGTTCCCAAGCATTTCATC-30 81 Oryctolagus cuniculus
A 50-GTGTAAGTAAAGGTGGCTGGATA-30

Acid phosphatase 5, tartrate resistant ACP5 (TRAP) S 50-GCTACCTCCGCTTCCACTA-30 129 Oryctolagus cuniculus
A 50-GCAGCCTGGTCTTGAAGAG-30

Calcitonin receptor CALCR S 50-CGTTCACTCCTGAAAACTACA-30 128 Oryctolagus cuniculus
A 50-GCAACCAAGACTAATGAAACA-30

Insulin-like growth factor 1 IGF-1 S 50-CCGACATGCCCAAGACTCA-30 81 Oryctolagus cuniculus
A 50-TACTTCCTTTCCTTCTCCTCTGA-30

ATPase 2 ATP2A1 S 50-CCTGGCTATTGGCTGTTACG-30 98 Oryctolagus cuniculus
A 50-GCTGGTAGAAGGACACTCTTG-30

Interleukin 6 IL-6 S 50-GAGGAAAGAGATGTGTGACCAT-30 104 Oryctolagus cuniculus
A 50-AGCATCCGTCTTCTTCTATCAG-30

Interleukin 10 IL-10 S 50-CCGACTGAGGCTTCCATTCC-30 75 Oryctolagus cuniculus
A 5́-CAGAGGGTAAGAGGGAGCT-3

Tumor necrosis factor alpha TNF S 50-CTCACTACTCCCAGGTTCTCT-30 122 Oryctolagus cuniculus
A 50-TTGATGGCAGAGAGGAGGTT-30
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X-rays were converted to visible light with a cadmium tungstate
scintillator, and the images captured using a CCD camera with
4872 � 3248 pixels. Specimens were mounted on a plain kinematic
base using modeling clay. Mounted samples were positioned using
high-precision three-axis stages and rotated.

The images obtained were evaluated with Image J software
(NIH, USA) and were compared with the histological pictures.

2.6. Statistical analysis

For the interferometer measurements, Student t-test on inde-
pendent samples was used to compare the means of the control
and test groups. The histomorphometrical outcomes of test and
control samples were compared with Wilcoxon Signed Rank for
paired samples. In addition, the number of new threads filled with
bone were counted and categorized, and the chi-square correlation
and likelihood ratio were calculated to verify that the probability of
observing new threads filled with bone was correlated with the
type of implant. The gene expression results of the two groups
were compared with the Sign Test for paired samples. For all tests,
a significance threshold of 0.05 was used, and SPSS (IBM, Armonk,
NY, USA) software was used for the analyses.

3. Results

3.1. Surface characterization

The surface topography results obtained using interferometry
are summarized in Table 2. The implants had a smooth microto-
pography, with average Sa values of 0.26 lm for the control and
0.27 lm for the test samples. The Sdr of the surfaces was 7.8%
and 8.4% for control and test surfaces, respectively. Visualization
of the surface is shown in Fig. 1. The figure shows a turned

topography, probably belonging to the underling original surface
of the titanium implant. At this magnification, nano-sized features
were not detectable. The statistical analysis of the results revealed
a significant difference between control and test surface only for
Sds values (mean ± SD), which were 0.13 (±0.03) and 0.12 (±0.02),
respectively (p = 0.01), as shown in Table 2.

SEM micrographs of the surfaces are shown in Fig. 2, and they
show a homogeneous distribution of pores with dimensions
�6 nm. No difference between the test and the control surface
was observed; indicating that loading of Mg does not change the
surface morphology.

Fig. 3 shows a scratched area of the mesoporous film, from
which the film thickness was measured to be �200 nm.

3.2. Gene expression results

The RT-qPCR was quantified and reported as fold-change in the
expression of each gene for each sample, normalized to the
reference gene GAPDH and relative to the calibrator samples.

The test samples showed a higher expression of all genes
involved in the bone regeneration process (alkaline phosphatase,
osteocalcin (OC), collagen type 1 alpha 1, runt-related transcription
factor 2 (RUNX2), acid phosphatase 5—tartrate resistant, insulin-
like growth factor 1 (IGF1), ATPase), as visible in Fig. 4: in
particular, the expression of OC, RUNX2 and IGF1. The results were
significantly higher in the peri-implant bone of test implants
compared with controls, with p-values of 0.002, 0.02 and 0.04 for
OC, RUNX2 and IGF1, respectively. As for the pro-inflammatory
genes tested (interleukin 6, interleukin 10 and tumor necrosis
factor alpha), similar expression was observed in both groups.

3.3. Histological analysis

Histological sections showed that new bone had formed around
the surface of all implants, filling the osteotomy space and occupy-
ing the area within the threads. Cement lines, boundaries between
the old cortical bone and the newly deposited bone that are stained
more vividly, were visible in all sections. The new bone demon-
strated a high cellularity, had larger osteocyte lacunae, and was
already organized into osteons (Figs. 5 and 6).

The implants were placed monocortically, and therefore the
coronal threads were engaged with the upper cortical bone of
the tibia, while the apexes of the implants were located within
the medullar canal. On the histological slides, extensive endosteal
reaction was observed, and bone filled the medullar threads. This
phenomenon was more pronounced for the test implants, where
bone grew from the endosteal surface and surrounded the threads
more apically (Figs. 6 and 7). In the test samples, on average two
extra threads were filled by new bone, which had grown apically
in the medullar canal (Fig. 7).

BIC (mean ± SD) was measured in the three most coronal
threads of each implant and was 13.8 ± 6.4% and 11.4 ± 7.3% for
the test and the control implants, respectively. Although the values
were slightly higher for the test surfaces, the statistical comparison
showed no significant difference in the histomorphometrical
parameters at the 5% level. The average BA was 71.6 ± 11.5% for
the controls and 66.8 ± 10.3% for the test (p = 0.3).

The chi-square test showed that there was a statistically signif-
icant association between the type of implant and the probability
of having more than one new thread filled with bone (p = 0.027),
as well as having two new threads filled with bone (p = 0.013).
The likelihood ratio showed similar values (p = 0.025 and
p = 0.011) for the probability of having more than one or more than
two new threads filled with bone, respectively, if the implant was a
test one).

Table 2
Interferometry results of control and test samples express as mean ± standard
deviation; p-value was obtained with independent samples t-test; significance level
was set at p < 0.05.

Sa (lm) Sdr (%) Sds (1 lm�2)

Control 0.26 ± 0.08 7.87 ± 6.67 0.13 ± 0.03
Test 0.27 ± 0.07 8.40 ± 4.62 0.12 ± 0.02
p-value 0.83 0.73 0.01⁄

⁄ indicates statistical significant differences in means.

Fig. 1. Three-dimensional visualization of the mesoporous surface topography
measured using white light optical interferometry. The turned surface of the
original implant is visible, while the nanoporous structure is not detectable at this
resolution.
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3.4. Synchrotron tomography

The results obtained from DEI are visualized in Fig. 8. Qualita-
tive evaluation of DE images showed observations similar to histo-
logical slides. The lower spatial resolution of DEI did not allow the
quantification of BIC, but the quality of the bone grown within the
threads could be assessed. The newly formed bone was already
highly mineralized and showed similar density compared with
the native cortical bone, although it had the aspect of trabecular
bone with large lacunae. A higher degree of endosteal reaction
was noticed for the test implants, for which a higher number of
threads were filled with new bone. Moreover, in one specimen of
the test group, the DEI demonstrated the presence of new bone
in areas that were not visible on the conventional histological sec-
tions (Fig. 8).

4. Discussion

The present investigation aimed to evaluate the bone response
around titanium implants with a novel surface design, combining a
mesoporous TiO2 matrix loaded with physically adsorbed Mg ions,
when placed in rabbit tibia. After 3 weeks of healing, a significant

increase in the expression of osteogenic markers was observed in
the bone surrounding the Mg-loaded implants. The three genes,
RUNX2, OC and IGF1, showed a significantly increased expression
in the peri-implant bone, and they are all related to osteoblast dif-
ferentiation and bone formation (Fig. 4). Moreover, RUNX2 is an
intracellular messenger known to commit mesenchymal stem cells
towards the osteoblastic lineage [27]. It is involved in the early
phases of osteogenesis and is fundamental for the osteogenic reg-
ulation. Knocked-out mice for this gene do not have osteoblasts at
all, and die with no bone formation [27]. RUNX2 binds and acti-
vates the OC transcriptor promoter, which could explain why OC
was highly expressed in test samples. OC is an osteoblast marker,
being secreted only by this cell type [27,28]. It is a non-collagenous
protein present in bone and it is thought to regulate the growth of
hydroxyapatite crystals by having three Ca-binding domains [29].
It was observed that OC was heavily expressed in the hard callus,
while it was not detected in the soft callus, displaying its action
mainly during mineralization [30]. Similarly, it was observed
in vitro that OC was significantly more expressed in osteoblasts
cultured on disks coated with mesoporous TiO2 and loaded with
Mg ions than on non-loaded controls [12]. It was found that OC
was almost four times more expressed on the implants with Mg
addition than for the controls, attesting that in the Mg-containing
group the mineralization process was further progressed. That
could explain why the present authors, in the previous investiga-
tion, observed a significantly higher retention strength of the
Mg-loaded implants in bone compared to not-loaded controls [11].

The third gene that was transcribed significantly more in the
test samples was IGF1. It codifies for a mitogenic factor implicated
in the formation of the growth plate during endochondral ossifica-
tion and therefore stimulates bone formation during fracture
repair [31]. These findings may shed some light on the mechanisms
behind the improved outcome observed in the previous investiga-
tion [11]. In that study, prepared implants with and without the
presence of magnesium were placed in the rabbit tibia and were
allowed to heal for 3 weeks. At the end of the healing period, a
significantly increased biomechanical retention of Mg-loaded
mesoporous surfaces was observed compared with the surfaces
without Mg [11]. The improved interlocking of the bone–implant
interface for the Mg-treated surfaces can be related to the
osteogenic environment found in the current investigation. The
topography of the control and test surfaces was comparable, the
only detectable difference being a 0.01 average decrease in Sds

Fig. 2. (a) SEM pictures of native mesoporous surface and (b) mesoporous surface treated with magnesium, showing the homogeneously distributed porosity, with average
pore size 6 nm. Bars, 100 nm.

Fig. 3. SEM of a scratched area of the mesoporous coating. The mesoporous layer is
�200 nm thick, and the porosity is distributed for the whole thickness. The
underlying titanium bulk is visible. Bar, 200 nm.

S. Galli et al. / Acta Biomaterialia 10 (2014) 5193–5201 5197



for the tests; therefore the higher expression of osteogenic markers
in the test samples is likely to depend on the release of Mg ions.

In a previous in vitro study [12] some of the authors of the cur-
rent paper tested the release kinetics of mesoporous surfaces
loaded with physically adsorbed Mg, and they observed that
release of Mg ions followed a sustained profile, with a stable
release for the first 24 h, when most of the adsorbed Mg was mobi-
lized from the surfaces.

The histological analysis revealed successful new bone forma-
tion around all implants, without signs of bone degeneration. The
threads in the cortical region were filled with bone in close contact
with the surfaces. After 3 weeks, the new bone had already a com-
pact feature, although it looked intensely stained and presented
large osteocyte lacunae and vascular canals. Primary osteons were
visible and so were the cement lines (Fig. 6).

The histomorphometrical parameters, BIC and BA, were compa-
rable for the test and control implants. However, BIC and BA were
calculated only for the three most coronal threads, which were the
ones in contact with the original cortical bone of the tibial plate.
Interestingly, endosteal reaction was observed on most of the his-
tological slides and, from the surface of the medullar canal, new
bone grew and surrounded threads that were not in contact with
cortical bone at implant insertion. The probability of observing
more than one new thread filled with bone was statistically higher
for the implants in the test group compared with the controls, and
this probability was even higher when the new threads filled with
bone were two (Fig. 7). The bone growing more apically suggested
that Mg-loading may impart osteoconductive properties to the
surfaces.

The histomorphometrical observations presented comparable
outcomes for the tests and controls, despite the fact that the bio-
mechanical bonding between the Mg-coated implants and the
bone has proved to be enhanced [11]. This is probably because
the histology is not able to capture variations in the composition

Fig. 4. The histogram displays the relative quantification of the expression of the panel of gene assays selected for the RT-qPCR. On the y-axis, the relative mRNA quantity for
each gene is expressed as fold-change compared with a calibrator sample with a onefold expression. The asterisks show the genes for which a significant difference in the
mRNA expression was detected (p < 0.05). Error bars: SE.

Fig. 5. Histological pictures of (a) a control and (b) a test sample. Newly formed
bone can be observed within the threads. Original magnification 200�. Toluidine
blue staining. Scale bar, 50 lm.

5198 S. Galli et al. / Acta Biomaterialia 10 (2014) 5193–5201



or crystallinity of the bone mineral, which confer the bone
mechanical quality and are thought to be associated with the local
release of magnesium. In addition, despite the faster bone turnover
of rabbits compared with humans, 3 weeks is a relatively short
healing time, and the bone formation may not have completed.
Investigations with longer healing time are needed to confirm
the results.

One analytical technique that can be helpful to shed light on the
bone mineralization stage is DEI, which was applied on four of the
samples. DEI has recently been introduced as an imaging modality
of biological samples and is under development for future medical
applications [32]. Similarly to images created with conventional
X-rays, this technique uses the differences in absorption in a

sample to create an image. Although, beyond the limits of conven-
tional absorption-based imaging, it can produce additional con-
trast from refraction and ultra-small-angle X-ray scattering,
which occurs when X-rays pass through a sample. This technique
is therefore very useful for analyzing samples where both high
absorbing materials, e.g. mineralized bone and titanium implant,
and low absorbing materials, e.g. woven bone and soft tissues,
coexist [33]. DEI has been used to evaluate the quality of osseoin-
tegration of implants [34], and it proved to be a valuable technique
to assess bone healing around implants, although this method is
still at the early stages of development [35].

Owing to limitations in the resolution of the detectors, DEI was
not sufficient to quantify the BIC <50 lm. However, it was possible

Fig. 6. Histological pictures showing the bone growth in medullar threads of the tibia in (a) a control and (b) a test implant. In both sections, the bone is organized in osteons
(yellow arrows), and it shows large osteocyte lacunae. The bone around the test implant has a more mature and compact aspect, and it looks in intimate contact with the
bottom of the threads. Original magnification 100�. Toluidine blue staining. Scale bar, 100 lm.

Fig. 7. Histological pictures of (a) a control and (b) a test implant, showing that the number of threads filled with new bone is greater for the test implants than for the
controls. Original magnification 40�. Toluidine blue staining. Scale bar, 500 lm.
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to qualitatively evaluate the bone interface, that is, the bone den-
sity and the bone area within the threads. The observations made
on diffraction-enhanced images confirmed the histological findings
of the creation of a successful interface between the bone and the
implants. The bone formed in the threads had a compact feature,
with a contrast similar to the surrounding mature bone. A large
amount of new bone formation from the endosteal surfaces was
also visible on the radiographic images. New bone grew apically
and surrounded up to four medullar threads in the test specimens.
This indicates that magnesium induces bone mineralization in the
cancellous region.

Even though DEI showed results very similar to the histological
slides, some additional details were made visible in the images
obtained with radiography. Some areas that were poorly or not
stained in the histological sections were made visible in diffrac-
tion-enhanced images, owing to the enhanced contrast, as shown
in Fig. 8. In addition, DEI observations showed that bone around
implants was free from damage and micro-cracks, which are
effectively made visible by this technique [36]. The current
investigation confirmed that DEI is a reliable technique for
studying bone–implant interfaces.

5. Conclusion

This study evaluated the performance of titanium implants
coated with thin mesoporous TiO2 films with and without the
incorporation of magnesium in rabbit bone at the early stages of
healing.

Local release of Mg induced an improved osteogenic environ-
ment in the peri-implant sites, as testified by the significantly
higher gene expression around the test implants compared with
the controls. Three important genes, OC, RUNX2 and IGF1, which
are involved in osteoblast differentiation and bone formation, were
all up-regulated when Mg was present.

The difference in BIC and bone area between the test and the
control samples was not significant. However, the test samples
showed an enhanced endosteal reaction and an increased number
of threads filled with new bone, attesting the osteoconductive
properties of the magnesium-loaded surfaces. Highly contrasted
radiographic diffraction-enhanced images showed the newly
formed bone around the implants with magnesium release, which
after 3 weeks already had a bone mineral density similar to trabec-
ular bone.

Overall, it could be confirmed that Mg-ions released from
implant surfaces positively stimulate bone formation at the
implant site, and thereby improve the osseointegration of titanium
implants.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–8 are difficult
to interpret in black and white. The full color images can be found
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Abstract: Objectives: The release of magnesium ions (Mg21)

from titanium surfaces has been shown to boost the initial

biological response of peri-implant bone and to increase the

biomechanical strength of osseointegration. The objective of

the present paper was to investigate if the initial improve-

ment in osseointegration would influence the bone remodel-

ing also during the maturation stage of bone healing.

Methods: Titanium implants were coated with mesoporous

titania layers and either loaded with Mg21 (test group) or left

untreated (control group). The implants were inserted in the

tibiae of 10 New Zealand White rabbits. Osseointegration

was assessed after 6 weeks by means of biomechanical test-

ing (RTQ), non-decalcified histology and histomorphometry

(BIC%, BA%, NBA%). The expression of genes involved in the

bone formation and remodeling was quantified using qPCR.

Results: Mg21 releasing mesoporous titania coatings showed,

on average, higher removal torques and histomorphometrical

outcomes (RTQ: 17.2 Ncm vs. 15 Ncm; BIC: 38.8% vs. 32.1%;

BA%: 71.6% vs. 64%; NBA% 62.5% vs. 54% for the tests vs

the controls); however, the differences were not statistically

significant. Three osteogenic markers, osteocalcin (OC), colla-

gen 1 alpha 1 (COL1A1), and alkalin phosphatase (ALPL),

were respectively 2-fold, 1.53-fold, and 1.13-fold up-regulated

in the control group compared to the test. The expression of

COL1A1 was particularly high in both groups, while the

biomarkers for remodeling and inflammation showed a low

expression in both groups. Significance: The results

suggested that the initial enhancement in osseointegration

induced by magnesium release from mesoporous titania

coatings has no detrimental effects during bone maturation.
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INTRODUCTION

The placement of an endosseous implant triggers a cascade
of cellular and extracellular processes aimed to establish the
bone integrity.1 The clinical success of dental and orthope-
dic implants corresponds to the formation of an intimate
and permanent bond between living bone and the surface
of the implanted device.2 The initial steps of the healing
process are particularly crucial and comprise filling of the
peri-implant gap with a hematoma. These are followed by
the activation of the mesenchymal tissue with the subse-
quent development of a woven bone. The mineralization of
the latter and its final remodeling result in a mature func-
tional bone in close contact with the implant surface.1

Numerous modifications have been applied to accelerate
the creation of a functional mechanical interlocking between
bone and implant. Most dominantly, implant surface roughness
modifications on the micro-level have drastically improved the
success and reliability of osseointegrated implants.3–5 More-
over, the addition of nanostructures onto microtextured
implant surfaces has been reported to further improve
osseointegration.6

The application of a drug delivery system, with the pos-
sibility to release bioactive substances directly at the site of
the peri-implant bone, is another attractive approach in the
development for enhanced tissue engineering, applicable
especially in compromised sites.7–10 Local drug delivery at
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the implant interface allows for availability of stimulating
agents directly where they are needed while avoiding possi-
ble side effects and reducing the quantities of drugs other-
wise administrated systemically.11 Reportedly, implant
surfaces have been loaded with growth factors, bone mor-
phogenetic proteins and drugs, such as biphosphonates,
demonstrating promising results.12,13

One of nanotechnologies that have proven to be success-
ful in the local delivery of bioactive substances directly at
the tissue interface are mesoporous coatings.14 Mesoporous
coatings15 are characterized by the homogenous distribution
of nano-sized pores (2–50 nm in diameter) and therefore
offer a large specific surface area and a large pore volume.
Drugs and other substances can be loaded into the pores
and subsequently released in a sustained fashion, with the
possibility of tuning the release rate by means of adjusting
different parameters e.g. the pore size, the pore direction
and surface chemistry. Various kinds of substances that
stimulate bone healing can be loaded into the mesoporous
layers, the discriminants being only the size of the pores
that needs to be large enough for the molecules and the
limits in pore volume.12,16

Besides the introduction of foreign drugs or growth fac-
tors, with unknown long-term effects, mesoporous coatings
may be used to increase the local content level of bioactive
elements already present in the body, such as magnesium. The
benefits of magnesium in bone healing range from increment-
ing the pre-osteoblast attachment to titanium surfaces, via an
integrin-mediated pathway,17,18 increasing the mesenchymal
cell proliferation and differentiation toward the osteoblast
lineage,19 to the creation of hydroxyapatite crystals with
enhanced mechanical properties.17,20,21 On top of that magne-
sium is osteoconductive. It has also been reported to be an
osteoinductive substance.22 In the aforementioned study
by Witte et al.,23 it was shown that a high magnesium concen-
tration within a magnesium alloy induced activation of the
osteogenic cells, whereas at sites without the presence of
magnesium, no bone formation was denoted.

In previous in vivo studies, we have utilized mesoporous
coatings with physically adsorbed magnesium, which demon-
strated to improve the osteogenesis to the biomaterial.23,24 In
brief, the magnesium containing samples were implanted in
rabbit tibia and, after a healing time of 3 weeks, it was shown
that the magnesium release enhanced the retention of the
bone-implant interface, measured by a biomechanical removal
torque analysis. Moreover, there was an evident promotion of
the osteogenic activities, which could be observed histologi-
cally. Furthermore, in order to explain the underlying cellular
processes supporting the improved osseointegration as a
result of the released magnesium, several genes and their
pathways were investigated both in vivo and in vitro.24,25 The
results indicated that in the presence of magnesium, a panel
of osteogenic markers, such as osteocalcin, osteopontin and
growth factors, were significantly more expressed than in
presence of unloaded titanium.

These intriguing results focused on the responses at early
time points, as it was shown by Cecchinato et al.,26 in a study
using quartz crystal microbalance with dissipation (QCM-D),

that the release of Mg ions from mesoporous titania films
occurs with an initial burst dissolution, followed by a phase of
sustained and slow release. In addition, it was argued that
part of the Mg obtained from the MgCl2 would deposit on the
surfaces of mesoporous layers as a salt and therefore would
immediately go into solution when in contact with fluids.26,27

However, it was of interest to investigate if the in vivo effects
elicited by the initial release of Mg ions from the coatings
would have been observable at a longer follow up, without
provoking adverse effects. That was of some concern because
it was reported that osteoclasts proliferation, differentiation
and activity were somehow mediated by Mg concentration,
obtained by addition of magnesium chloride in vitro, in a
dose-dependent fashion.28 Similarly, in our previous reports,
it was observed that together with the osteogenic markers,
also a few bone-remodeling markers were up-regulated
around the magnesium releasing implants.24 Therefore it was
of great interest to investigate whether the enhanced
osseointegration would remain at extended healing
periods and would not be undermined by excessive bone
remodeling.

Other surface modified implants examined in vivo in past
studies suggested that the differences seen in the beginning
seemed to even out once the osseointegration has been
established.29,30

Thus, in this study, the effect of magnesium released from
mesoporous titania coatings at extended healing periods was
investigated to determine whether the initial biological boost
further influences the bone remodeling. Comprehensive eval-
uation techniques including gene expression, biomechanics
and histomorphometry were utilized to investigate the effect
of magnesium on matured bone.

MATERIALS AND METHODS

Implant preparation and characterization
A total of 40 commercially available threaded titanium implants
with diameter 3.5 mm and length 8 mm (Neodent, Curitiba,
Brazil) was used for this in vivo study. The implants had original-
ly a turned surface. Mesoporous TiO2 layers were deposited
onto the implant surface by the evaporation-induced-self-
assembly (EISA) method, as previously described elsewhere.14,23

In brief, a precursor solution of PluronicVR P123 template was
diluted in absolute ethanol and then mixed with a titania precur-
sor mixture containing titanium tetra ethoxide (TeOT, Aldrich)
and hydrochloric acid (HCl, 37%, Aldrich). To obtain a cubic
phase of the mesoporous titania the following mix was selected:
P123 0.5 g, TeOT 2.1 g, HCl 1.6 g, and Ethanol 8.5 g.

The obtained mixture was spin coated on the implant sur-
faces for 1 min at 7500 rpm and then left to dry overnight to
achieve complete self-assembly of the TiO2 structure. Calcina-
tion was performed by increasing the temperature from room
temperature to 3508 C at a speed of 18C/min, and the samples
were left at 3508C for 4 h, to remove all organics as well as to
condensate the titania films.

The porous cubic 3D structure, with the pores facing
out, served as drug delivery system of Mg ions. Physical
deposition of Mg ions within the porous matrix was applied
on the test implants by immersion in a magnesium-chloride
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(MgCl2) solution with the concentration of 10 mg/mL.
Native mesoporous titania surfaces were used as controls.

A thorough surface characterization of the implants has
been performed to investigate roughness at the micro level,
nanotopography, surface morphology, and chemical compo-
sition, and has been published elsewhere.23 A representative
scanning electron microscopy image of the mesoporous sur-
face is displayed in Figure 1.

Animal model and surgical procedure
The animal experiment was performed in accordance with the
ARRIVE guidelines.31 Ten mature female New Zealand White
rabbits were included in this study, after ethical approval
13–011 given by the ethical committee for animal trials of the
Ecole Nationelle Veterinaire D�Alfort, Mason Alfort, France.

The animals were put to sleep with intravenous administra-
tion a mix of 250 ll/kg of medetomidine (Domitor, Zoetis,
France), 20 mg/kg of ketamine (Imalgène 1000, Merial, Sanofi,
France) and 1 mg/kg of diazepam (Valium, Roche, France).

The surgery begun with incision of the skin and elevation
of a full thickness flap to expose the medial tibial plate. Osteoto-
mies were prepared with a sequence of cylindrical drills until
the diameter of 3.15 mm was obtained, under constant irriga-
tion with sterile saline. Countersinking and tapping were per-
formed before the insertion of the implants. Two implants
were placed in each tibia and control and test samples were
randomly allocated on the left or right sides. Then, the wound
was closed using resorbable Vycril (3.0). Analgesic therapy was
supplied to the animals with injection of buprenorphine
(Bupr�ecare, Animalcare, UK), and meloxicam (Metacam, Boeh-
ringer Ingelheim Vetmedica, Inc., USA) and with a patch of fen-
tanyl (Duragesic, Janssen Pharmaceutica, Beerse, Belgium) for
5 days after surgery. The animals also received oral antibiotics
(enrofloxacine, 200 mg/L, Baytril, Bayer Animal Health, Germa-
ny) for 5 days. The rabbits were kept in separate cages and fed
ad libitum. The animals were left to heal for 6 weeks and then

euthanized with a lethal injection of sodium pentobarbital
(Euthasol, Virbac, Fort Worth, USA).

Biomechanical testing
At the re-entry of 6 weeks after the implant insertion, the
tibiae were dissected and the proximal implants underwent
removal torque testing. A calibrated manual torque wrench
(Tohnichi, Tokyo, Japan) was used to measure the shear
strength necessary to disrupt the bone-implant interface.

Gene expression analysis
The unscrewed implants from the removal torque measure-
ments with the attached bone debris were placed in RNA-
later buffer (LifeTechnologies, Thermo Fisher Scientific,
Waltham, USA) to preserve the cellular RNA and then stored
at 148C overnight. Afterwards they were moved to 2208C,
where they were kept for a maximum of 2 months before
being processed to quantify the expression of selected genes
of interest.

The first step was to purify the RNA from the cells. During
this procedure, good care was taken to avoid RNAse contami-
nation, and the samples were constantly refrigerated. Purifica-
tion of the RNA was performed with MaxwellVR 16 LEV
simplyRNA tissue kit (Promega, USA) and the MaxwellVR 16
instrument. In brief, RNAlater was discharged and a homoge-
nization solution was added to the tissue, which was succes-
sively homogenized with an ultrasonic tissue disruptor until
no visible debris remained. The homogenized tissue was
transferred to a cartridge in the kit with a lysis buffer and the
cartridge was loaded to the machine. DNAse treatment was
performed for all samples to get rid of genomic DNA. Elution
of RNA was performed in 50 lL of nuclease-free water. The
yields of RNA from the different samples were quantified with
a spectrophotometer (NanoDrop ND-1000 Thermo Fisher,
Waltham, USA).

The High Capacity cDNA Reverse Transcription Kit (Invi-
trogen, Thermo Fisher Scientific, Waltham, USA) was used
for the reverse transcription. Totally, 25 lL of RNA solution
was used to generate 50 lL of cDNA.

The cDNA served for the amplification and relative quanti-
fication of the selected gene of interest by means of the real-
time quantitative polymerase chain reaction (qPCR). SYBRVR

green-labeled assays were designed to assure specific and effi-
cient amplification (PrimePCR, Bio-Rad, Hercules, CA). The
efficiency of each assay was tested by mean of a standard
curve and only primers with efficiency between 90 and 110%
were used. The nucleotide sequences of the assays are
reported in the Table I. The reaction mix consisted of 5 lL of
SSO Advance SYBR GreenV

R

Master Mix (Bio-Rad, Hercules,
CA), 0.5 lL of gene assay, 3.5 lL of nuclease-free water, and 1
lL of cDNA template. Two technical replicates of each sample
were tested for each assay. Three genes, ACTB, GAPDH, and
LDHA were used as reference genes to normalize the expres-
sion of the other genes of interest. All the reactions were run
in 96-wells plates and negative template controls were added
for every assay to check for possible reagent contamination.
An inter-run calibration sample was used in each plate to cor-
rect for run-to-run variations. Melt curves were obtained after

FIGURE 1. Scanning electron microscope image of a mesoporous

coating of titanium oxides. It is visible that the mesopores are homo-

genously distrubuted over the surface and are facing out. They have

size <10 nm. Scale bar 100 nm.
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the amplification to exclude the presence of primer-dimer for-
mation. The qPCR was run and monitored with CFX Connect
96TM detection system with CFX Manager 3.0 software (Bio-
Rad, Hercules, CA). The gene expression was quantified using
the CFX Manager Software with the normalized relative quan-
tification method.

Histological analysis
The distal implants were cut en bloc with the surrounding
bone and were processed for histological examination. The
blocks were fixed in ethanol 70% and then dehydrated by
immersion in increasing ethanol concentrations. Resin infil-
tration (Technovit 7200 VLC; Hereaeus Kulzer, Wehrheim,
Germany) and polymerization for 3.5 h under UV-light fol-
lowed the dehydration step. The embedded samples where
cut in half along the longitudinal axis with an Exakt saw
(Exakt Apparatebau, Nordertedt, Germany), processed with
the cutting-grinding technique to a final thickness of 30 lm.32

The sections were stained with toluidine blue-pyronin dye
and then observed at the optical light microscope (Eclipse
ME600; Nikon, Tokyo, Japan). The histomorphometrical
parameters chosen for the evaluation were the following:

1. Bone-to-Implant contact (BIC%): the percentage of implant
surface that was directly in contact with the bone, was
calculated over the entire length of the implant.

2. Bone Area (BA%): the percentage of bone that filled the
area inside the threads was calculated over the total area
inside the threads of each implant.

3. New bone area (NBA%): the percentage of bone area
that was occupied by new bone was calculated over the
total bone area inside the threads.

4. Osteocytes density: the osteocyte density within the
threads was calculated as the number of osteocytes in
the bone of each thread over the area of the bone within
the threads in mm2.

These parameters were measured using Image J soft-
ware (National Institute for Health, Bethesda, MD, USA) at
100X to 400X magnification.

Statistical analyses
Statistical testing was used to infer the influence of the
addition of magnesium on the surfaces. The non-parametric
Wilcoxon signed rank test was used to compare the outcome

TABLE I. List of Assays Used for the qPCR Analysis

Target name Abbreviation Oligonucleaotide Sequence
Amplicon
Size (bp) Species

Actin Beta ACTB S 50-CACCCTGATGCTCAAGTACC-3 96 Oryctolagus cuniculus
A 50-CGCAGCTCGTTGTAGAAGG-3

Glyceraldehyde-3-phosphate
dehydrogenase

GAPDH S 50-GCCTGGAGAAAGCTGCTAAGT-3 133 Oryctolagus cuniculus
A 50-GAGTGGGTGGCACTGTTGAA30-

Lactate Dehydrogenase Alfa LDHA S 50-AGGCGACAACAGGGTTTAGT-3 191 Oryctolagus cuniculus
A 50-AGCTCAGGAGGACACAAAGT-3

Alkaline phosphatase ALP S 50-ACTGTGGACTACCTCTTG-30 76 Oryctolagus cuniculus
A 50-GGTCAGTGATGTTGTTCC-30

Bone gamma-
carboxyglutamate
protein (Osteocalcin)

BGLAP
(OC)

S 50- ACTCTTGTCGCCCTGCTG-30 123 Oryctolagus cuniculus
A 50- CTGCCCTCCCTCTTGGAC-30

Bone Morphogenetic
Protein 2

BMP2 S 50-CAGAACTCAGTGCTATCTCC-3 83 Oryctolagus cuniculus
A 50-CTCCACAACCATGTCCTG-3

Collagen, type I, alpha 1 COL1A1 S 50- ATATGGAAACCGCAGACC-30 89 Oryctolagus cuniculus
A 50- CAGTCCTTGGTGTCTTCA-30

Runt-related transcription
factor 2

RUNX-2 S 50- CCAAGTAGCCACCTATCA-30 75 Oryctolagus cuniculus
A 50- TTCTGTCTGTGCCTTCTG-30

Integrin Beta 1 ITGB 50- TGCCATCCAGACGACATA-3 75 Oryctolagus cuniculus
50- GCTACGGTTGGTGACATT-3

Acid Phosphatase 5,
tartrate resistant

ACP5
(TRAP)

S 50- CTGGGTTTGCAGGAGTTG-30 77 Oryctolagus cuniculus
A 50- TTGAAGAGCAGCGACAGA-30

Calcitonin receptor CALCR S 50-CGTTCACTCCTGAAAACTACA-30 128 Oryctolagus cuniculus
A 50-GCAACCAAGACTAATGAAACA-30

Insulin-like growth factor 1 IGF-1 S 50-CCGACATGCCCAAGACTCA-30 81 Oryctolagus cuniculus
A 50-TACTTCCTTTCCTTCTCCTCTGA-30

Interleukin 6 IL-6 S 50-GAGGAAAGAGATGTGTGACCAT-30 104 Oryctolagus cuniculus
A 50-AGCATCCGTCTTCTTCTATCAG-30

Interleukin 10 IL-10 S 50-CCGACTGAGGCTTCCATTCC-30 75 Oryctolagus cuniculus
A 50-CAGAGGGTAAGAGGGAGCT-3

Secreted Phosphoprotein 1
(Osteopontin)

SPP-1
(OPN)

S 50- CTCCTAACACCGCAGAAT-3 123 Oryctolagus cuniculus
A 50- ATCGTCCTCATCCTCATC-3

Tumor Necrosis Factor alpha TNF S 50-CTCACTACTCCCAGGTTCTCT-30 122 Oryctolagus cuniculus
A 50-TTGATGGCAGAGAGGAGGTT-30

For each assay the gene official name and abbreviation, the trivial synonym, when applicable, in Italic, the sense (S) and antisense (A)

nucleotide sequences, the amplicon length are reported.
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of the histomorphometrical, biomechanical and gene expres-
sion evaluations. Differences were considered statistically sig-
nificant for p< 0.05.

RESULTS

During the 6 weeks post-surgery, all the animals could walk
normally and did not show signs of infection or pain in the
treated areas. One rabbit died for unknown reasons during
the follow-up period and was excluded from the study.
When dissected, the tibiae appeared normal and all the
implants were osseointegrated.

Biomechanical testing
For one of the control samples the RTQ could not be
recorded, due to a temporary error of the Tohnichi device,
therefore the value of the test in the same animal was
excluded from the analysis. In total, 8 samples per group
were analyzed with removal torque. The mean RTQ values
for controls and tests were 15 (SD 5) and 17.2 (SD 7.1)
Ncm, respectively. The difference between the groups was
not statistically significant (p50.9).

Gene expression analysis
The effect of magnesium on the expression of a set of
markers for osteogenesis, osteoclastogenesis, and inflamma-
tion was studied with qPCR.

The melt curves revealed that the reactions were specific,
since no primer-dimer formation was detected. No amplica-
tion was detected in the negative controls and the interassays

variation was within 0.2. The three selected reference genes,
ACTB, GAPDH, and LDHA, showed a mean coefficient of vari-
ance of 0.02 and a mean M value of 0.06, which confirmed
their suitability as reference genes for this experiment. The
expression of the genes of interest in the test group (magne-
sium-loaded) was calculated relative to the control group. A
graphical representation of the expression of the gene in the
test group is presented in Figure 2. Two genes were signifi-
cantly down-regulated in the test samples, BGLAP and COL1A,
with value of respectively 22 and 21.53 fold-change respec-
tively and p-values of 0.001 and 0.02. However, COL1A1 did
not reach the regulation threshold of 22 fold-change, which
was considered the threshold for a biologically relevant
down-regulation. A third gene, ALPL, showed a small
down-regulation of 21.13 fold-change in the test group and a
p values of 0.05.

Histological evaluation
Representative histological sections are displayed in Figures 3
and 4. The histological sections showed that bone had grown
in contact with all the implant surfaces, without interposition
of soft tissue. Signs of inflammation were not observed in any
of the sections. The new bone, with large osteocytes lacunae,
had filled the area within the threads and looked mature and
organized in osteons. However, the osteomy lines were not
visible and new bone had remodeled in the periphery of the
surfaces. Periosteal and endosteal reactions were observed.
Especially, newly filled threads were observed on all implants,

FIGURE 2. Panel chart that displays the gene expression results in bone surrounding the Mg-loaded implants and in the control implants. The

expression of the genes is normalized against 3 reference genes (ACTB, GAPDH, LDHA). The panel chart has been designed to present the very

scattered data obtained. The upper part of the graph shows the values with bar charts over a common axis for all the data, however does not

allow appreciating the small data. The lower part of the graph displays the results in a way that focuses on the small values. Three genes are

significantly more expressed in the control group than in the test (*indicates p< 0.05). The expression of COL1A1 and of BGLAP is extremely

high compared to the reference genes and to the other genes investigated, indicating that the late phases of osteogenesis were still on-going.
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attesting that bone had grown from the endosteal surface of
the cortical bone toward the apex of the implants.

The mean BIC was 38.8% (Median: 36.3; SD 10.3%) for
the test implants and 32.1% (Meadian: 33.1; SD 11.7%) for
the controls and the difference did not reach the statistical
level for significance (p5 0.7).

The BA% and NBA% were 71.6% (Median: 73.11; SD
11%) and 62.5% (Median: 66.7; SD 20%), respectively for
the test group, while they were 64.3% (Median: 65.5; SD
12%) and 56.4% (Median:56.8; SD 28%) for the samples in
the control groups (p5 0.1 and p5 0.4). The histomorpho-
metrical parameters are summarized in Figure 5. Despite
that the mean values of all histomorphometrical parameters
were higher for the test group compared to the control, the
difference did not reach the statistical level of significance.

The density of osteocytes within the threads was compa-
rable for both implant types and there was no statistically sig-
nificant difference between the test and the control group
(p> 0.05). The number of osteocytes was 1059 and 1057 per
mm2 in the control group and in the test group, respectively.

DISCUSSION

This study investigated the effect of magnesium release on
bone formation and whether the effect of the release
remains after 6 weeks of healing in rabbit tibiae. In our pre-
vious studies we tested the effect of the local release of
magnesium from mesoporous titania surfaces on osseointe-
gration and showed that the magnesium increased signifi-
cantly the strength of the bone-implant interface, compared
to controls of native mesoporous at 3 weeks.23 Moreover,
the new bone occupancy within the implant threads were
significantly more pronounced for the magnesium loaded
group.24 The differences in healing at this early stage
proved that magnesium strengthens the bone regeneration
cascade; however, it was hypothesized that the effects are
transient, due to the rapid mobilization of the magnesium
ions from the coatings.26 As hypothesized, the influences of
magnesium release on bone healing diminished at 6 weeks,
and it was apparent that there were no differences between
the control and the experimental groups.

FIGURE 3. Light microscopy images of non-decalcified histological slides of a test (Mg-loaded) and a control implant (native mesoporous). New

bone has filled the space inside the threads and has matured. The bone is in intimate contact with the screws surfaces The osteotomy lines are

not visible any more, attesting that some remodelling of the native bone took place. No signs of on-going remodelling are observable. Scale

bars: 100 mm. Toluidine blue staining.

FIGURE 4. Histological slides of a test implant in bone at high magni-

fication (400 X). An intimate contact between the bone and the

implant surface is visible. A line of active osteoblasts can be observed

close to bone surface. Toluidine blue staining. Scale bar 50 mm.

FIGURE 5. Box plots of the BIC, BA and NBA percentages for controls

and tests.
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A similar healing trend has been observed with other
surface modifications, such as coatings with bone morpho-
genetic proteins and other growth factors33,34 or surfaces
with increased hydrophilicity surfaces.35 For example, it was
shown in a mini-pig model that the incorporation of human
recombinant bone morphogenetic protein-2 and of vascular
endothelial growth factor had a significant effect on osseoin-
tegration and bone volume inside titanium chambers at 1
and 2 weeks, while it had no significant effect at 4 weeks,
when the bone healing in the control specimens reached
comparable values.34 Similarly, in vivo studies documenting
the effects of modified SLA surfaces in bone, showed a blast
of osseointegration and enhanced bone-to-implant contact
rates at early time points, but not after 8 weeks of heal-
ing.36,37 It can be mentioned here that the strategy of sur-
face (topographical and chemical) modification and micro
and nano levels is promoting rapid bone healing at early
stages, which clinically would shorten the healing period.
Since it has been suggested that the functional loading once
osseointegration has been achieved rely on the macrogeom-
etry of the implant,38 it can be assumed that the effect of
surface interactions to biology is mainly occurring at the ini-
tial stages.

Although no differences from numerous evaluation
methodologies have been detected, some notable trends
were observed through the gene expression analysis, which
could not have been explored with the conventional histo-
logical or biomechanical analysis. For instance, the expres-
sion of BGLAP, the gene encoding for osteocalcin, was 2-fold
down-regulated in the test implants at 6 weeks, while that
same gene was almost four times up-regulated in the test
samples at 3 weeks. Osteocalcin is the most abundant non-
collagenous protein in bone and it is considered as marker
for osteoblasts, since it is secreted mainly by this kind of
cells.39 Osteocalcin, as suggest by its name, is a factor that
influence bone calcification and, despite its mechanism of
action is not yet totally revealed, it is known that osteocal-
cin is able to bind hydroxyapatite with high affinity and in
this way affect mineral growth.40,41 The expression of osteo-
calcin is usually upregulated in the tardive phase of osteo-
blast differentiation, when the proliferation is already
completed and the cells are actively forming osteoid.42–44

This is estimated to occur approximately after 3 weeks to
the start of the proliferation phase of pre-osteoblasts, which
is the first step in osteogenesis.

The fact that in the bone around magnesium-releasing
implants the expression of osteocalcin was significantly
boosted 3 weeks after implantation, while in the controls it
was up-regulated only after 6 weeks, suggests that in the
presence of magnesium, the process of the osteoblast prolif-
eration and differentiation in the peri-implant bone is faster
and the stage of osteoid mineralization occurs at earlier
healing times than without magnesium. This finding seems
to be confirmed by the fact that at 3 weeks the bone around
magnesium-loaded implants expressed significantly higher
markers, osteoblast related, such as RUNX-2 and IGF-1, and,
in general, all the osteogenic markers were identified at
higher levels for the magnesium samples than the controls,

although the differences were not significant.24 This tenden-
cy was reduced after 6 weeks, and at this time point
COL1A1 and ALPL are slightly, but significantly, more
expressed in the controls than in the tests. The expression
of COL1A1 was particularly high in both groups, when com-
pared with the reference genes, and testifies that mesopo-
rous surfaces still stimulate osteogenesis in the peri-implant
bone after 6 weeks, since COL1A1 is a marker overex-
pressed by the stem cells during differentiation toward the
osteoblast lineage.

The results of this study suggested that the initial burst
of the magnesium physical coating had minor effect at
stages where bone maturation is at focus. Although the ini-
tial bone formation was promoted by the modification, it
may be of interest to improve the release properties of the
coating, which may further improve the establishment of
osseointegration.

CONCLUSIONS

In conclusion, the null hypothesis that the magnesium loading
and release from titania mesoporous carriers coated on titani-
um implants does not increase the biomechanical perfor-
mance and the amount of bone around the implant surfaces
was accepted, although it seems to fasten the osseointegration
during the early healing phases.
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