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BIORESORBABLE MAGNESIUM-BASED SPONGE AND FOAM MATERIALS,

METHODS AND DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of and priority to US Provisional Application No. 62/483,105,

filed April 7 , 2017 and US Provisional Application No. 62/556,120, filed September 8, 2017 which are each

hereby incorporated by reference in their entirety to the extent not inconsistent herewith.

BACKGROUND OF INVENTION

[0002] Magnesium and magnesium alloys are widely recognized as advantageous materials for

biological implants, including bone implants, tissue scaffolds and venous implants. Magnesium is typically

preferred for applications in which the implant is temporary, as magnesium naturally resorbs into solution

when contacted with a biological fluid and magnesium is common in the human body. Thus, magnesium

implants safely resorb over a period of time and do not require surgical removal after the implant has served

its purpose. Additionally, magnesium is attractive as an implant material for its mechanical properties. For

example, implants may be tailored to closely mimic the tissue in which the implant is interacting, such as

bone, providing more successful implantation, faster healing and increased integration between the implant

and the host tissue.

[0003] A major drawback of magnesium implants is that the bioresorption of the implant occurs

heterogeneously and rapidly, which can compromise the mechanical strength of the implant. Additionally,

the bioresorption process may generate hydrogen gas. While small amounts of hydrogen gas can be

naturally removed by the body, larger quantities generated by rapid bioresorption can lead to inflammation

and necrosis.

[0004] Plasma has also been used to alter chemical and mechanical properties of magnesium

implants. However, known methods of plasma treatment (e.g. kinetic roughening) are imprecise and provide

little control over the plasma surface interaction. By providing precise porous and/or nanopatterned regions

to the implant, including tailored to the specific application of the implant, bioresorption and biomechanical

stresses may be reduced and cell adhesion increased, resulting in longer implant life, faster patient

recovery times and reduced risk of implant tissue damage, complications and infections.

[0005] It can be seen from the foregoing that there remains a need in the art for bioresorbable

magnesium-based sponges and foams with designed mechanical properties, surface chemistries,

nanofeatures, crystallographic structures and/or morphologies which provide enhanced bioactivity and

functionality over previously described medical implants, for example, bone and tissue grafts. Further,

methods of surface modification of the described sponges and foams may increase utility as medical

implants.



SUMMARY OF THE INVENTION

[0006] Provided herein are magnesium-based sponges and foams and methods for surface

modification to enhance bioactivity. The magnesium-based sponges and foams may be useful as tissue or

bone grafts which promote cellular adhesion and osseointegration and conduction, as well as various other

biological functions including, for example, antibacterial properties, hydrophobicity or hydrophilicity and the

ability to modulate immune response. The described sponges and foams have precise mechanical

properties which are specifically designed for enhanced integration with surrounding tissue. The described

magnesium-based materials are bioresorbable, allowing for the gradual, safe absorption of the material

when exposed to bodily fluids.

[0007] The provided compositions are modified to provide controlled bioresorption profiles and/or alter

biological properties or functions. The surface of the composition may be modified by independently

controlling parameters (e.g. incident angle, fluence, flux, energy, species, etc.) of one or more directed

energetic particle beams, providing more control and increased bioactivity over conventional kinetic

roughing techniques. The provided methods also allow for specific modification of chemical composition,

for instance, accurate creation of one or more alloys different from adjacent domains or the original

underlying substrate, including the generation of aluminum oxide layers to promote hydroxyapatite

formation. Irradiation-driven compositional variation such as one element over another at the surface

differing from the sub-surface can be tuned to specific concentrations.

[0008] In an aspect, provided is a biodegradable sponge comprising: a magnesium alloy comprising

magnesium having an amount selected from the range of 96% to 97.3%, aluminum having an amount

selected from the range of 3% to 3.5% and zinc having an amount selected from the range of 0.8% to 1.2%;

wherein the biodegradable sponge is characterized by a porosity selected over the range of 50% to 87%;

and having Young's modulus selected from the range of 8 GPa to 29 GPa.

[0009] In an aspect, provided is a biodegradable sponge comprising: a magnesium alloy comprising

magnesium having an amount selected from the range of 96% to 97.3%, aluminum having an amount

selected from the range of 3% to 3.5% and zinc having an amount selected from the range of 0.8% to 1.2%;

wherein the biodegradable sponge is characterized by a porosity selected over the range of 50% to 87%;

and having Young's modulus selected from the range of 8 GPa to 29 GPa; the sponge having an outer

exposed surface and an internal exposed surface provided by a plurality pores; wherein at least a portion of

the exposed surface has a plurality of nanoscale domains providing a selected multifunctional bioactivity;

wherein the nanoscale domains are generated by exposing the surface to one or more directed energetic

particle beam characterized by one or more beam properties.

[0010] In embodiments, for example the magnesium alloy further comprises one or more additional

components selected from the group of potassium, calcium and maganese. In embodiments, the one or



more additional components independently have an amount selected from the range of from the range of

0.01% to 0.05%.

[0011] In an embodiment, the selected multifunctional bioactivity is with respect to an in vivo or in vitro

activity relative to an unmodified magnesium containing sponge surface, for example, a surface not having

the plurality of nanoscale domains. In embodiments, the biodegradable sponge comprises a mesoporous or

microporous sponge. In an embodiment, the in vivo or in vitro activity is a change in rate of bioresorption,

for example, a decrease greater than or equal to a factor of 2, 5 , or optionally 10. In embodiments, the

nanoscale domains comprise an increase or decrease in the aluminum content of the domain by greater

than or equal to 10%.

[0012] In an embodiment, the in vivo or in vitro activity is a decrease in hydrogen generation, for

example, a decrease greater than or equal to 5%, 10%, or optionally, 20%. In embodiments, the in vivo or in

vitro activity is an enhancement in bioresorption, hydrogen generation, cell adhesion activity, cell shape

activity, cell proliferation activity, cell migration activity, cell differentiation activity, anti-bacterial activity,

bactericidal activity, anti-inflammatory activity, osseointeg ration activity, biocorrosion activity, cell

differentiation activity, immuno-modulating activity during acute or chronic inflammation or any combination

of these. In embodiments, aid enhancement of in vivo or in vitro activity is equal to or greater than 50%,

100%, or optionally, 200%.

[0013] In embodiments, the nanoscale domains said nanoscale domains have an increased

concentration of Aluminum, for example, to promote the formation of calcium phosphate when exposed to a

fluid.

[0014] In embodiments, the nanoscale domains comprise an increase in AI2O3 content relative to the

AI2O3 content of other regions of an unmodified magnesium containing substrate surface, for example, a

surface without nanoscale domains. In an embodiment, the nanoscale domains are provided between and

within pores of the substrate. In embodiments, for example, the nanoscale domains are provided between

and within pores of the sponge to a depth of 540 µι from the external surface.

[0015] In embodiments, the nanoscale domains characterized by a chemical composition different

from the bulk phase of the magnesium containing substrate. In embodiments, the nanoscale domains

provide an enhancement in vivo or in vitro activity with respect to cell adhesion proliferation activity and

migration greater than or equal to 50%, 100%, or optionally, 200%. In an embodiment, the nanoscale

domains provide an enhancement in vivo or in vitro activity with respect to anti-bacterial activity and

bactericidal activity greater than or equal to 50%, 100%, or optionally, 200%.

[0016] In embodiments, the nanoscale domains provide a local in vivo increase in pH, wherein the pH

is increased by 0.5 or more, 1.0 or more, or optionally, 1.5 or more. In an embodiment, the nanoscale

domains provide an enhancement of a selected physical property of the substrate, for example,



hydrophilicity, hydrophobicity, surface free energy, surface charge density or any combination of these. In

embodiments, aid enhancement of selected physical property is equal to or greater than 10%, 25%, or

optionally, 50%. In an embodiment, the biodegradable sponge is biocompatible.

[0017] The described magnesium sponge may be modified using Direct Irradiation Synthesis (DIS),

Direct Plasma Nanosynthesis (DPNS), Direct Seeded Plasma Nanosynthesis (DSDPNS), Direct Soft

Plasma Nanosynthesis (DSPNS) or other methods of precise surface modification. In an embodiment, the

directed energetic particle beam is a broad beam, focused beam, asymmetric beam, reactive beam or any

combination of these. In an embodiment, for example, the one or more beam properties is intensity, fluence,

energy, flux, incident angle, ion composition, neutral composition, ion to neutral ratio or any combinations

thereof. In embodiments, the nanoscale domains are a surface geometry selected selected from the group

consisting of topology, topography, morphology, texture or any combination of these.

[0018] In an embodiment for certain applications, the step of directing the directed energetic particle

beam onto the substrate surface is achieved using a method other than directed irradiation synthesis (DIS).

For example, the invention, includes methods of fabricating a bioactive magnesium containing substrate

wherein directed plasma nanosynthesis (DPNS), direct seeded plasma nanosynthesis (DSDPNS) or any

combination of these techniques is used to carry out the step of directing the directed energetic particle

beam onto the substrate surface to generate a plurality of nanoscale domains characterized by a surface

geometry providing a selected multifunctional bioactivity, Accordingly, one of skill in the art will readily

understand that certain applications and materials of the invention are achieved using methods that do not

include processing via directed irradiation synthesis (DIS).

[0019] In embodiments, each of the nanoscale domains are characterized by a vertical spatial

dimension of less than or equal to 50 nm. In embodiments, each of the nanoscale domains are

characterized by a vertical spatial dimension selected over the range of 10 nm to 250 nm.

[0020] In embodiments, the nanoscale domains comprise nanowalls, nanorods, nanoplates,

nanoripples or any combination thereof having lateral spatial dimensions selected over the range of 10 to

1000 nm and vertical spatial dimensions of less than or equal to 250 nm. In embodiments, the nanowalls,

nanorods, nanoplates or nanoripples are separated from one another by a distance of less than or equal to

100 nm. In an embodiment, for example, the nanoscale domains comprise discrete crystallographic

domains.

[0021] In an embodiment, the biodegradable sponge is generated by infiltration casting and salt

fluxing. In embodiments, the biodegradable sponge has a tensile strength selected from the range of 5 MPa

to 20 MPa, for example, in the plateau zone.

[0022] In an aspect, provided is a method of fabricating a biodegradable magnesium sponge

comprising: i) providing a magnesium containing sponge having a plurality of pores each having an



surface; and ii) directing a directed energetic particle beam onto the surfaced, thereby generating a plurality

of nanoscale domains on the surfaces; wherein the directed energetic particle beam has one or more beam

properties selected to generate the plurality of nanoscale domains providing a selected multifunctional

bioactivity.

[0023] In an embodiment, the directed energetic particle beam is a broad beam, focused beam

asymmetric beam or any combination of these. In embodiments, the step of directing the directed energetic

particle beam onto the substrate surface comprises directed plasma nanosynthesis (DPNS), Direct Seeded

Plasma Nanosynthesis (DSDPNS), Direct Soft Plasma Nanosynthesis (DSPNS) or any combination of

these. In embodiments, for example, the one or more beam properties is intensity, fluence, energy, flux,

incident angle, ion composition, neutral composition ion to neutral ratio or any combinations thereof.

[0024] In an embodiment, the directed energetic particle beam comprises one or more ions, neutrals

or combinations thereof, for example, Ne ions, Kr ions, Ar ions, Xe ions, N ions or a combination thereof. In

an embodiment, the directed energetic particle beam is generated from an energetic O 2 precursor.

[0025] In embodiments, the one or more beam properties comprise incident angle and the incident

angle is selected from the range of 0° to 80°. In embodiments, the one or more beam properties comprise

fluence and the fluence is selected from the range of 1 x 10 1S cn 2 to 1 x 10 1 cnv2 or optionally 1 x 10 16 crr

2 to 1 x 102 cn 2. In embodiments, the one or more beam properties comprise energy and the energy is

selected from the range of 0.05 keV to 10 keV, 0.1 keV to 10 keV, 10 keV to 100 keV, or optionally, 10 keV

to 500 keV. In an embodiment, for example, the multifunctional bioactivity comprises bioresorption.

[0026] Without wishing to be bound by any particular theory, there may be discussion herein of beliefs

or understandings of underlying principles relating to the devices and methods disclosed herein. It is

recognized that regardless of the ultimate correctness of any mechanistic explanation or hypothesis, an

embodiment of the invention can nonetheless be operative and useful.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 provides a photograph of a sample of open cell Mg-based foam.

[0028] FIG. 2 shows SEM micrographs of the AZ31 sponge sample.

[0029] FIG. 3 provides SEM and corresponding EDS of the a) Non treated foam, b) Foam irradiated

with 0.4 eV and c) Foam irradiated with 1.2 KeV.

[0030] FIG. 4 provides SEM and corresponding EDS of the a) Non treated foam, b) Foam irradiated

with 0.4 eV and c) Foam irradiated with 1.2 KeV.

[0031] FIG. 5 Chart describing recorded pH over time of various samples.

[0032] FIG. 6 Viability test of the a) Non treated foam, b) Foam irradiated with 0.4 eV and c) Foam

irradiated with 1.2 KeV.



[0033] FIG. 7. illustrates the decrease of corrosion rate between an non-surface modified

magnesium-based sponge and two modified samples.

[0034] FIG. 8. Testing of modified magnesium sponges. Left panels are cell viability tests where "red"

are cells that are dead and "green" stained to show cell viability. Top-center and shows that DPNS-treated

samples over the negative control. Lower-center panels show EDS data of composition.

[0035] FIG. 9 Stages of the fracture healing process

[0036] FIG. 10 Schematic representation of the bone remodeling model

[0037] FIG. 11 Bone porosity changes in different axial load conditions

[0038] FIG. 12 Bone porosity changes in different transversal load conditions

[0039] FIG. 13 Bone porosity changes with three different pins

[0040] FIG. 14 Mg balance in human body

[0041] FIG. 15 The concept of skeletal tissue regeneration via porous implant

[0042] FIG. 16 Replication process

[0043] FIG. 17 Porous metal by spray forming

[0044] FIG. 18 Configuration of porous Mg foams prepared by different techniques

[0045] FIG. 19 Considerations for selection of the alloying elements in a biodegradable Mg alloy

[0046] FIG. 20 Mechanical properties of Mg alloys and human bone

[0047] FIG. 2 1 Strategy for materials selection

[0048] FIG. 22 Mg foam selected porosity parameters

[0049] FIG. 23 EMg assays conditions

[0050] FIG. 24 Roughness parameters

[0051] FIG. 25 Surface roughness calculation

[0052] FIG. 26 AZ31 foams fabricated with different infiltration parameters

[0053] FIG. 27 Stereo-micrograph of a) EMg2 and b) EMg6

[0054] FIG. 28 2D slice and binary 2D slice from a X-ray CT, EMg6

[0055] FIG. 29 Solid reconstruction using MIMICS

[0056] FIG. 30 SEM Image of a) EMg2 and b) EMg6 foams porous surfaces

[0057] FIG. 31 SEM Image of EMg6 foam

[0058] FIG. 32 SEM Image of EMg2 foam

[0059] FIG. 33 Metal concentration levels EMg2 and EMg6 compared with AZ31 composition

[0060] FIG. 34XRD patterns of original ingot

[0061] FIG. 35 XRD patterns of four EMg2 samples

[0062] FIG. 36 XRD patterns of four EMg6 samples

[0063] FIG. 37 Compression test stress-strain curves



[0064] FIG. 38 Roughness effect on osteoblast morphology

[0065] FIG. 39 A schematic illustration of compression curve of porous metal scaffolds

[0066] FIG. 40 Surface properties

[0067] FIG. 4 1 RMS roughness value plotted against ion energy. Values based on

[0068] FIG. 42 Distribution of the corrosion test samples in the plate

[0069] FIG. 43 Distribution of the liquid extracts of material in the plate

[0070] FIG. 44 Distribution of the irradiated samples in the plate

[0071] FIG. 45 ain effects plots of energy (E) factor for Weight Loss and pH

[0072] FIG. 46 Interaction plots for Weight Loss and pH

[0073] FIG. 47 Corrosion products of EMg6 after 96 h of exposition

[0074] FIG. 48 400 eV sample corrosion products

[0075] FIG. 49 Detailed view of the corrosion products

[0076] FIG. 50 Contour plot of Weight Loss vs. Energy. Exposition

[0077] FIG. 51 Corrosion rate for each sample

[0078] FIG. 52 Viability test results

[0079] FIG. 53 SEM image of representative regions populated by cells for each sample type

[0080] FIG. 54 Surface-cells interactions.

[0081] FIG. 55. X-ray CT a) slide of Mg-based foam and b) binary image of same slide.

[0082] FIG. 56. shows infiltration results for three different magnesium foam samples.

[0083] FIG. 57. SEM micrograph of EMg1 revealing two types of pores.

[0084] FIG. 58. SEM micrograph of EMg2 showing micro and macropores.

[0085] FIG. 59. Metal concentration levels of EMg2 and EMg1 compared with AZ31 composition.

[0086] FIG. 60. XRD patterns of original ingot featuring peaks from Mg and MgO.

[0087] FIG. 61 . XRD patterns of four EMg2 samples which show phase similar to original ingot.

[0088] FIG. 62. XRD patterns of four EMg1 samples.

[0089] FIG. 63. provides compression test stress-strain curves comparing samples EMg1 and EMg2.

[0090] FIG. 64. provides a strength versus time comparison between permanent implants, degradable

implants and bone.

[0091] FIG. 65 provides XRD data of a magnesium alloy treated with DPNS at different fluences.

[0092] FIG. 66 provides XRD data of a magnesium alloy treated with DPNS at different fluences.

[0093] FIG. 67 provides concentration data of a magnesium alloy treated with DPNS based on the

data in FIGS. 65 and 66.

[0094] FIG. 68. provides an SEM image of a magnesium sponge treated under 400 eV, Ar+, 10 18 cgs

fluence.



[0095] FIG. 69. provides an SE image of a magnesium sponge treated under 600 eV, Ar+, 10 18 cgs

fluence.

[0096] FIG. 70. provides an SEM image of a magnesium sponge.

DETAILED DESCRIPTION OF THE INVENTION

[0097] In general, the terms and phrases used herein have their art-recognized meaning, which can

be found by reference to standard texts, journal references and contexts known to those skilled in the art.

The following definitions are provided to clarify their specific use in the context of the invention.

[0098] "Nanoscale domains," as used herein, refers to features characterized by one or more

structural, composition and/or phase properties having relatively small dimensions generated on the surface

of a substrate. Nanoscale domains may refer to relief features and/or recessed features such as trenches,

nanowalls, nanocones, nanoplates, nanocolumns, nanoripples, nanopillars, nanorods, nanowires,

nanotubes and/or quantum dots. Nanoscale domains may refer to discrete crystalline domains,

compositional domains, distributions of defects, and/or changes in bond hybridization. Nanoscale domains

include self-assembled nanostructures. In embodiments, for example, nanoscale domains refer to surface

depths or structures generated on a surface having dimensions of less than 1 µ ι , less than or 500 nm, less

than 100 nanometers, or in some embodiments, less than 50 nm. In an embodiment, nanoscale domains

refer to a domain in a thermally stable metastate.

[0099] "Nanoscale domain" refers to a surface-modified area positioned on the surface of a substrate.

Nanoscale domains may have a periodic or a semi-periodic spatial distribution. For example, nanoscale

domains include topology, topography, spatial distribution of compositions, spatial distribution of phases,

spatial distribution of crystallographic orientations and/or spatial distribution of defects. Nanoscale domains

of some aspects are useful for providing a selected multifunctional bioactivity, a selected physical property

or a combination thereof.

[00100] "Selected multifunctional bioactivity" refers to an enhancement of in vivo or in vitro activity with

respect to a plurality of biological or physical processes. In embodiments, for example, multifunctional

bioactivity is enhanced relative to magnesium based substrate surface not having said plurality of

nanoscale domains . In an embodiment, for example, a selected multifunctional bioactivity is an

enhancement in bioresorption, hydrogen generation, cell adhesion activity, cell shape activity, cell

proliferation activity, cell migration activity, cell differentiation activity, anti-bacterial activity, bactericidal

activity, anti-inflammatory activity, osseoconductive activity, osseointeg ration activity, biocorrosion activity,

cell differentiation activity, immuno-modulating activity during acute or chronic inflammation or any

combination of these. In an embodiment, for example, a selected multifunctional bioactivity is a modulation

in the immune response to a foreign body (e.g. the implant). In an embodiment, for example, a selected

multifunctional bioactivity is an enhancement or inhibition of one or more protein interactions.



[00101] "Directed energetic particle beam," as used herein, refers to a stream of accelerated particles.

In embodiments, the directed energetic particle beam is generated from low-energy plasma. In some

embodiments, directed energetic particle beam is a focused or broad ion beams capable of delivering a

controlled number of ions to a precise point or area upon a substrate over a specified time. Directed

energetic particle beam may include ions and additional non-ionic particles including subatomic particles or

neutral atoms or molecules. In embodiments, directed energetic particle beams provide individual ions to

the target location. Examples of directed energetic particle beams include focused ion beams, broad ion

beams, thermal beams, plasma generated beams and optical beams.

[00102] "Beam property" or "beam parameter" refer to a user or computer controlled property of beam,

for example, an ion beam. Beam parameter may refer to incident angle with a target substrate, fluence,

energy, flux, beam composition and ion species. Beam parameters may be adjusted to provide selected

interactions between the beam and the target substrate to generate specific nanostructures or enhance

specific properties of the substrate including rate of bioresorption. Beam parameters may be controlled by a

variety of means, including adjustments to electromagnetic devices in communication with the beam,

adjusting the gas or energy source used to generate the beam or physical positioning of the beam in

reference to the target.

[00103] "Vertical spatial dimension" refers to a measure of the physical dimensions of a nanoscale

domain perpendicular or substantially perpendicular to the planar or contoured surface of a substrate. In

embodiments, vertical spatial dimension refers to a height or depth of a nanoscale domain or the mean

depth of a surface modification, for example, a crystalline or compositional domain.

[00104] "Lateral spatial dimension" refers to a measure of the physical dimensions of a nanoscale

domain parallel or substantially parallel to the planar or contoured surface of a substrate,

[00105] "Magnesium or Magnesium alloy substrate" refers to any substrate composed of magnesium

including specific magnesium alloys described herein. In some embodiments, magnesium alloy may refer to

alloys containing magnesium but in which magnesium is not the primary component. In other embodiments,

magnesium alloy refers to alloys in which magnesium represents more than 25%, or optionally 50%, of the

alloy. Magnesium and magnesium alloys may include an oxide layer, for example magnesium oxide or

aluminum oxide, including on the surface being modified.

[00106] "Porosity" or "porous magnesium" refers to substrates or magnesium surfaces having individual

or networked voids at or near the surface of the substrate. Porosity may be nanoscale, microscale or larger.

As described herein, substrates may have porosity prior to any plasma treatment (e.g. porosity formed

during substrate formation such as sintering). In some embodiments, pores may be formed, enlarged or

altered by the treatment of directed plasma, including forming nanopatterns on interior pore surfaces or

walls between individual pores. Porous magnesium includes magnesium-based sponges and foams.



[00107] "Multiplexing" refers to simultaneously modifying the target substrate in more than one way, for

example, by providing two or more directed particle beams at the substrate having different properties, for

example, to generate or modify at least one nanoscale domain (e.g. nanoscale features, crystalline

domains, compositional domains, distributions of defects, changes in bond hybridization. In some

embodiments, for example, a single directed particle beam may have one or more beam properties to

generate or modify multiple nanoscale domains on the substrate, In embodiments, multiple direction particle

beams are generated from the same plasma source,

[00108] The technology as described in the present disclosure includes an advanced

nanomanufacturing process as described herein, advanced tools particular for this process and a number of

unique nano-scale structures generated as a result of the processing.

[00109] In one embodiment, provided is an atomic-scale additive nanomanufacturing process capable

of transforming materials with multi-functional properties without the need for expensive heat cycles, toxic

chemical processes or thermodynamic limitations of material compatibility in processing. The interface

between plasma and material becomes an open thermodynamic system driven far from equilibrium by a

rich variety of physical mechanisms, including high-energy kinetic disordering, compositional phase

dynamics, and the emergence of metastable material states. The instabilities that arise due to these

mechanisms lead to the evolution of well-ordered nanostructures, the compositional and morphological

characteristics of which dictate the material properties,

[00110] "Directed energetic particle beams" are drawn from a low-temperature plasma (gas discharge)

in a manner that controls the energy, species and intensity of the respective beams from the

aforementioned plasma, This technique may be called directed plasma nanosynthesis (DPNS) herein, The

particles may be combined with additional reactive atoms and/or surfactants that interact with material

surface inducing variation in a number of properties including: surface chemistry, composition, topography,

topology, charge density and bond hybridization. In some cases the technology can manipulate these

properties independently providing for multi-functionality on the material surface without modification to the

bulk material. Depending on material type the energetic particles are selected both in mass and species to

result in the desired material property (e.g. hydrophobicity, anti-bacterial for biomaterials, etc.). The

material can be a polymer, metal, ceramic, or semiconductor and the synthesis can be done over large

areas, at room temperature and over a short period of time (e.g. seconds). DPNS is designed to

independently modify surface topography, composition and charge density yielding increase of surface

energy and surface-to-volume ratios by factors of 50-100% and 100-1000, respectively, DPNS include a

use of a plasma source enabling the modification of existing product materials (e.g. on a biomedical stent,

implant device, etc,,,) improving their properties or synthesizing completely new class of materials, DPNS

enables a single source that addresses the problematic use of thin-film coatings for bioactive interfaces,



which can potentially lead to osteolysis and chronic inflammation. Coating disintegration and delamination

is also a prevalent problem that cannot be solved with current synthesis approaches that include:

electrophoretic deposition, anodization, electrolysis, reactive DC magnetron sputtering, RF plasma

sputtering, and x-ray sintering among others. One of the primary issues with these conventional

technologies is the formation of the interface between the coating and biomedical material substrate.

Therefore, features of DPNS are: 1) low cost (e.g. they are a low-temperature process; heat cycles during

synthesis make-up 30-40% of the current processing cost of surface modification techniques), 2) green and

sustainable (does not require harsh chemicals for synthesis and can enhance usability of natural materials),

and 3) scalable (particle irradiation can be conducted throughput levels of about 1012 micron2/hr or a

modification of a 6-inch wafer in about 10 seconds). Another added benefit and potentially disruptive

approach is the ability to modify a surface composition and chemistry independent of the topography with

high-fidelity. In other words, inducing a surface that can potentially enhance cell adherence and

proliferation while repelling bacteria, for example.

[00111] "Directed energetic particle beams" include DPNS to produce nanostructures on the substrate

surface. In first step, a substrate is provided in a fixture, not shown, where the directed energetic particle

beam from a low temperature plasma may operate on the substrate with a surface. The directed energetic

particle beam(s) from a low temperature plasma source are directed to the substrate surface in accordance

with parameters and/or properties that correspond to a desired nanostructure topology. The parameter

control may occur in an automated fashion, such as under the control of a numerical control device or

special purpose computer, including a processing device and a memory containing programming

instructions (not shown). In an optional step, additional beam(s) may be generated and directed to the

surface of the substrate also in accordance with parameters and/or properties that correspond to a desired

nanostructure topology. Optional step includes depositing one or more agents on the surface of the

substrate.

[00112] "Directed energetic particle beams" can be derived from plasma processing sources known in

the art, for example, Tectra GmbH Physikalische Instrumente (GENII PLASMA ION SOURCE) and Oxford

Instruments (ISE 5 ion sputtering source). Also SVT Associates, Inc. provides the RF-6.02 Plasma Source.

While the principles and methods for creating plasma sources are known, these plasma processing

methods create only mono-directional particle beams, which limits their usage to flat, 2D surfaces. Methods

for performing DPNS as 3D are described in, for example, U.S. Patent Application Serial No. 62/483,105,

"Directed Plasma Nanosynthesis (DPNS) Methods, Uses and Systems," filed April 7, 2017, the disclosure of

which is incorporated by reference herein in its entirety.

[00113] "Directed energetic particle beams" include low temperature plasmas and gasiform plasmas

with electron temperature under 10 eV, electron density typically from 1014 to 1024 n 3. In general, low



temperature plasmas have a low degree of ionization at low densities. This means the number of ions and

electrons is much lower than the number of neutral particles (molecules). Different particles inside the

plasma, i.e. neutrals, ions and electrons, can have different temperatures or energies. Indeed, in many

applications, the background gas is near room temperature. In this regard, gas phase reaction activation

energy can be driven by electron impact rather than thermally and the substrate is not subjected to extreme

heating, which is useful for functionalizing temperature sensitive substrates such as polymers. For "directed

energetic particle beams" one or more beam properties is the gas, intensity, fluence, energy, flux, incident

angle, species mass, charge, cluster size, molecule or any combinations thereof. In an embodiment, for

example, the directed energetic particle beam comprises one or more ions, neutrals or combinations

thereof. In embodiments, the one or more beam properties are the ion composition, neutral composition, the

ratio of ion abundance to neutral abundance or any combination of these. In embodiments, the directed

energetic particle beam is incident upon the substrate from a plurality of directions.

[00114] Using "directed energetic particle beams" nanostructures may be obtained as function of

energetic particle species, fluence and incident angle with respect to the surface normal. For example,

energetic particle species may include those obtained from gases such as Kr, Ar, Ne, Xe, H, He, 0 2 and/ or

N2. Fluence can be, for example, between 1 x 10 17 to 1 x 10 18 particles per second per square meter, but

may vary from 0.1 x 10 17 to 50 x 1017 . In some embodiments, fluence is 1 x 10 17 , 2.5 x 10 17 , 5 x 0 17, or 1 x

1018 particles per second per square meter. Finally, incident angle may be varied in single degrees

between the angles of 0 and 80 degrees, in some embodiments, for example, 30 degrees, 60 degrees, and

80 degrees. In some embodiments, for example, the plasma-based source of the invention provides one or

more directed particle beams having a distribution of incident angles, such as a distribution of incident

angles characterized between 0 and 90 degrees with respect to the sample surface normal.

[001 15] The invention may be further understood by reference to the following non-limiting Examples

that expand on certain aspects and embodiments of the invention.

Example 1 - Nanostructured Bioresorbable Magnesium-based Sponge

[00116] This example describes bioresorbable and bioactive metallic sponge material for bone tissue

engineering. This material has two overall functions: 1) Bulk properties: bone-like structure material that

resorbs in the body and 2) Surface properties: bioactive surface with enhanced osseointegration and

osseoconductive properties. The surface properties are designed in conjunction with the bulk properties of

the metallic sponge material.

[00117] A metal sponge is a structure which consists on spaces filled by an interconnected metal

coexisting with an interconnected network of empty space. The specific properties of this kind of structures

are low stiffness and low density while maintaining mechanical properties. The sponge architecture involves



variables that can be targeted by DPNS such as interconnected porosity, ranges of pore size, volume

faction, surface area, pore shape and pore distribution.

[00118] Bulk properties are obtained by infiltration casting without a controlled atmosphere using a

combination of salt fluxes. The obtained foam simulates the structure and porosity of natural human bone

serving as a guide for new bone formation across the bony defect site while it is resorbed by the body. This

advanced biomaterial also by design of the sponge

[00119] Surface properties are obtained by low-energy directed plasma nanosynthesis (DPNS), that

when combined with the interaction of human body fluid environment triggers specific bioactive functions.

The synergistic interaction between irradiation parameters and immersion medium influences the structure

of the surface and consequently the biomolecular attachment response as well as provides

cues/instructions to osteoprogenitor cells. As a result, the materials may be tailored to interface to a

patient's specific chemistry near the region for osseointegration and osseoconduction by specific DPNS

parameters that result in favorable Ca/P phases for bone development and growth. In addition, the DPNS

modification also tunes the resorbability of the material to control the recovery length of time simultaneously

with bone tissue growth. In addition, the inherent nanostructuring of the surface results in a bactericidal

interface effective for anti-bacterial functionality

[00120] The bioactived metallic sponge has provides osseoconduction and osseointegration for

prosthetic and orthopedic platforms. Additionally, the material may provide one or more of the following

properties:

. A resorbable material that can be designed to be absorbed in the body for a predetermined period of

time, enabling the control of resorbability.

2 . Bio-mechanical strength comparable to that of bone using a magnesium-based sponge (e.g. cellular

metal) structure,

3 . High-fidelity control of hydrogen production from released from the magnesium-based material during the

process of bioresorption

4 . Enhanced cell proliferation for faster bone integration by means of surface nanostructuring,

5 . Intrinsic anti-bacterial properties by surface morphology

6 . Intrinsic growth of hydroxyapatite mineralized interface (HA) tailored to the specific chemistry of the body

when exposed in-vivo tuned by the specific DPNS parameter configuration. HA is intrinsically accelerated

by the irradiation-driven mechanism bringing aluminum atoms in the g alloy to the surface enhancing the

speed of HA growth.

Background

[00121] Most bone defects are commonly treated with autologous bone transplantation. But these

grafts have limitations due to the high rates of rejection and insufficient source for extractions (cadaveric



donors). Since the available bone grafts is limited in quality and quantity, a variety of approaches have

been developed to reconstruct bone defects. Some hard metals such as Ti and its alloys, stainless steels,

Co-based alloys, Ni—Ti, Ag, Ta, and Zr have been applied in load-bearing requests and hard tissue

implants, due to their high strength, ductility and corrosion resistance. Nevertheless, these metals cannot

degrade spontaneously, and a second surgical procedure is usually needed to remove the implants from

the body after the tissues have completely healed. Repeated surgeries increase both cost and patient

morbidity. Also, after the healing stage, the presence of a permanent implant usually results in a number of

adverse effects, such as osteoporosis and stress shielding due to a mismatch in elastic modulus between

the bioinert material and bone. The ability to provide for a multi-functional biomaterial that not only was

biocompatible but also provide the proper biomechanical properties together with bioactive properties to

enhance osseoinduction and osseointegration has been one of the greatest challenges to current

technology in orthopedic implant existing art. Designing materials to integrate with bone has been a

significant technological gap. The complex biological processes tied to both the immunology conditions and

osteoblast differentiation and proliferation remain a challenge in the design of the ideal bone replacement

synthetic materials. Prior art has focused on the use of HA (hydroxyapatite) coatings that are known to

integrate with bone given their Ca and P content mimicking bone's physical, chemical and biological

properties. However, HA coatings are known to have extensive issues involving delamination and poor

osseoinduction while enhancing osseoconductive processes that are unfortunately non-sustainable and

ultimately lead to failure of the biomedical implant,

[00122] Magnesium based biofoams with both porous structure similar to the architecture of natural

bones and suitable mechanical properties and biointeractive properties are described herein, In some

embodiments, provided is a scaffold material that undergoes a complete biodegradation process after a

proper healing time period. Magnesium (Mg) and its alloys are materials that have changed the paradigm of

permanent biomedical implant fixations. Nevertheless, the degradation rate is one of the biggest

complications for a practical implementation of Mg as biomaterial. Mg is a highly reactive material and has

a lower corrosion resistance in chloride-containing environments, This condition limits its physiological

application, and restricts its extensive use in orthopedic applications. Therefore, it's advantageous to devise

a method to improve magnesium's corrosion resistance and bioactivity, while maintaining the lightweight

properties of Mg alloy sponges.

[00123] Since bioactivity and degradation resistance of a bone substitute are factors for repairing and

healing fractured bones, we have invented a technique using directed plasma nanosynthesis (DPNS)

extracting low energy ion irradiation as a suitable method for surface modification of Mg-based foams. This

modification enables high-fidelity selectivity of enhanced anti-corrosion properties and cellular responses

without affecting the required bulk attributes of an Mg-based foam for bone integration. Additionally,



provided is a bioactive Mg-based metal sponge material that adapts to the biological environment of the

body. In particular, our bioactive interface is designed by the combination of the intrinsic microstructure and

composition of the bulk g alloy sponge and the irradiated interface that renders this specific surface

bioactive property or properties.

[00124] When fabricated with DPNS, the bioactive interface grows an HA interface when exposed to

the specific chemical environment of the body. DPNS parameter exposure may tailor a biointerface to adapt

and respond to the biological environment intrinsic on its surface, Therefore, there is no need for the use of

a bioactive thin-film coating that can delaminate or the need for highly toxic surface modification as currently

common in the art,

Surface modified Mg-based sponge

[00125] Described herein is a magnesium-based sponge for medical uses which is highly porous and

biodegradable. This material is characterized by the formation of a targeted surface induced by low energy

irradiation. Further, the material degrades in a body and cells simultaneously grow into it. Therefore,

excellent interfacial strength is provided between implant and tissue. Also, the material can be appropriately

used as a bone substitute or for bone treatment, and used as orthopedic, dental and plastic surgical

material.

[00126] An exemplary magnesium metal alloy is AZ31 Mg-based alloy. Foams are manufactured using

a preform of salt particles. NaCI particles are dried a low temperature and deposited into a mold. Then, the

metal pieces were placed over the salt template. Mg is protected from oxidation by the use of fluxes,

therefore, no protective gas atmosphere is needed. The temperature is slowly increased from room

temperature to around 700°C. Finally, vacuum pressure is applied to force the metal infiltration into salt

spaces and the salt preform is dissolved in water to reveal the interconnected network of pores.

[00127] The magnesium casting processes commonly require the use of controlled environment with

shielding gas to prevent interaction with oxygen. In this case, instead of using mixed gasses such as CO2

and SF6, a flux has been used with the same function. This formulation of salts may build a protective layer

on top of the melt and settle out after this layer has been disturbed,

[00128] Samples are exposed to a low-energy Ar+ irradiation with different ion energy values. Then,

samples are immersed in a solution with an ionic composition similar to that of the human body with a

1.67:1 Ca:P ratio. The resultant surface depends on the modulation of the irradiation parameters and the

synergistic interaction with the inorganic salts present in the immersion medium, The foam surface can

further be customized with one or more predetermined biofunctionalities,

[00129] Representative samples of the open-cell Mg-based foam, with different pore sizes, are shown

in FIG. 1, FIG. 1 illustrates a sample a homogeneous distribution of pores with irregular form and cell size



equivalent to salt particles size. The corresponding SEM micrographs of the sponges are shown in FIG. 2,

which demonstrates the open-cell structures with interconnected pores.

[00130] An exemplary, improved formulation of salt fluxes is:

a KCI = 0.321 9X

MgO = 0.16X

MgCI2 = 0.5375X

CaF2 = 0.1608X

Where X is the mass ofMg.

[00131] The AZ31 random foams are irradiated with the ion beam directed onto them. The results show

that different ion energy values responded to different microstructures and morphologies. The MgO present

in the no treated foam is replaced by nanostructures that raised up with 1.2 keV and in a more crowded

form in 400 eV case. Also, the surface concentration of aluminum is not detected in the non-irradiated and

1.2 keV irradiated foams, which indicates that the aluminum content in the surface is increased up in the

foam irradiated with 400 eV (see FIG. 3).

[00132] The ion energy value has proved to have an influence on the interaction of the surface with

surroundings to which it is exposed. After irradiation, all the samples are immersed in a medium with ionic

composition and concentration similar to that of the human environment. The irradiated surfaces were

covered by a layer of corrosion products, FIG. 4 . In both cases, the formed layers slow the diffusion of water

and ions to the surface of the sample thus the pH was successfully lowered, FIG. 5 . Also, the biological

behavior was significantly improved and cells are more viable and proliferated in the irradiated cases, FIG.

6 . The surface irradiated with 400 eV was also in favor of forming CaP phases which are important in the

process of bone development and potently increase alkaline phosphatase (ALP) activity and extracellular

accumulation of proteins.

[00133] In general, the methods used to obtain open porosity metal foams do not control morphological

aspects of pores (size, shape, and distribution), which is possible by the process of infiltration of preformed

salt.

[00134] The use of gasses such as C02 and SF6 to protect the magnesium alloy during melting

processing is not necessary. In this case, fluxes in casting magnesium alloys have the function of protecting

the liquid metal from the atmosphere, in order to not react with oxygen. In this case, the flux takes a second

role more relevant by creating a contribution from the chemical point of view on the surface of the alloy,

which then leads to the desired behavior in surface modification and biocompatibility.

[00135] The aim of the surface design is to alter the surface while not changing the bulk properties. Ion

energy irradiation modification of the metal sponge is an effective method to diminish the progress of

corrosion in biological environments, it is beneficial for the growth of Ca/P coatings on Mg-based alloys, and



other targeted complexes, including higher coating coverage and thickness growth. These products formed

on the surface are able to impede the flow of electrolyte towards the foams surface while stimulate the cells

growth and enhance the osteogenic behavior.

[00136] An assay of weight changes after direct immersion in simulated body fluid indicated that

complete bioresorption of a porous implant may take up to four months, which may be less in vivo. The

bioresorption mechanism depends on the Ca/P phase attached to the surface. A well tuning of the DPNS

variables leads to a more crystalline HA, which makes the surface less soluble in the medium, thus,

decreasing the fraction of exposed Mg and thus reducing the bioresorption or degradation rate, FIG. 7

illustrates that the corrosion rate is decreased by a factor of 6 times. Sample EMg2 has 1000 micron pores

and sample EMg6 has 500 micron pores.

[001 37] Different DPNS parameter configurations may generate different microstructures and

morphologies. The random sponges were irradiated with the ion beam directed onto them. The resultant

morphology depends on the location in the spongy structure. Particularly, in the top surface, the gO and

Mg(OH)2 present in the non-irradiated sample is replaced by nanostructures which vary in size, thickness,

spacing and quantity depending on the DPNS parameters (400 eV, Ar+, E18 fluence cgs). The

nanostructures also repreasented a passivated state of the Mg alloy, rather than a surface that would be

comparable with traditional anodization techniques.

[00138] The structure of the surface influences molecular attachment. The quantity of alumina on the

surface is varied by regulating DPNS parameters and thus, nanofeature morphology. Thus the alumina-rich

phase may act as a cathode changing the rate of magnesium dissolution, which directly influences the

chemistry of the formed HA or Ca/P ratios on the surface.

[00139] The characteristics of Mg sponge bioactive interfaces are dictated by the parameter space of

DPNS used. A specific example is shown in FIG. 8 under prototypical conditions, namely immersing the

irradiated and non-irradiated samples in simulated body fluid (SBF), which based on the compositional and

morphological change induced by the DPNS method "prepares" the surface in a manner that when exposed

to SBF spontaneously generates from the Mg alloy substrate Ca/P phases that can be tuned to form

hydroxyapatite (HA) without any coating used. This phase transformation is driven namely by the content of

Al segregated by ion-induced mechanisms to the surface of the Mg sponge.

[00140] In FIG. 8, the left panels are cell viability tests where "red" are cells that are dead and "green"

stained to show cell viability. The data is then plotted in top-center and clearly shows that DPNS-treated

samples over the negative control enhanced cell viability by a factor of approximately 100% more viability.

In center panels show EDS data of composition demonstrating that irradiated samples indicate a Ca/P

phase formed and seems correlated to cell viability. The viability of cells is observed in right panels with

respect to a healthy morphology and proliferation over the surface of Mg sponge.



[00141] Surface modification also provides additional bioactivity on magnesium sponges. For example,

magnesium may act as an antibacterial because it provokes pH increases. This effect may help to reduce

implant infections and antibiotic treatment. In addition, bacteria are known to break up on nanostructured

surface and in particular protruding nanostructures. With the DPNS-generated nanostructures around the

surface, anti-bacterial behavior may be induced.

[00142] Example DPNS parameters useful for magnesium sponges and foams are provided in Table 1.

[00143] Table 1 - Example magnesium sponge DPNS parameters.

Example 2 - Development of a cellular metal based on biodegradable magnesium alloys for bone fixation

Abstract

[00144] Biodegradable metals are breaking the paradigm in biomedical applications to consider only

corrosion resistant materials. In particular, magnesium is a promising candidate for obtaining temporary

implants. However, there are limitations in the real application or Mg due to its rapid degradation rate and

poor integration with the surrounding tissue. Hence, in this thesis the development of a cellular metal based

on biodegradable Mg alloys, for bone tissue engineering is described.

[00145] In order to reach the goal, an Mg-based alloy was selected taking into account the behavior of

the reported alloys used in bone tissue applications. Once Mg alloy was selected, the structure of a porous

system was defined considering the bone organization. With this data, the selection of the process

variables, and the fabrication of the metal foam were carried out. Characterization experiments were

performed and it was determinate that a 500 m pore size foam has a structure closer to bone.

[00146] Furthermore, a modification route intended to create a hydrophobic surface by low-energy

irradiation was proposed as a method to improve the corrosion performance of the porous material. Two ion

energy values were applied. Then, irradiation modified the surface, and a great effect when improving

corrosion resistance and cells adhesion to the surface was noted . The obtained foams can be considered

and advantage as potential material for bone tissue regeneration from a bone-implant interface point of

view.

Introduction

[00147] The conditions musculoskeletal system undergoes are highly complex. There are many

diseases and functions related to this biological system. Bone defects, cases of nonunion and compromised

fracture healing are an increasing social and medical problem fueled by several risk factors, including the

traumatic mechanism, aging of the population, and soft tissue injuries associated with the trauma [ 1] , [2].



The greatest effect of this medical condition is on the limitations for physical activity and bone growing in

young patients[3]. TechNavio's analysts have estimated that the world orthopedic manufacturing market will

grow by .05% of compound annual growth rate (CAGR) from 201 2 to 2016 [4].

[00148] Most bone defects are commonly treated with autologous bone transplantations [2]. But this

grafts have limitations due to the high rejection rates and insufficient sources for extractions (cadaveric

donors). Since the available bone grafts are limited in quality and quantity, a variety of approaches have

been developed to reconstruct bone defects. Therefore, new artificial strategies are required.

[00149] Ti and its alloys [5], stainless steels [6], Co-based alloys, Ni-Ti, Ag, Ta, and Zr [7] have been

applied in load-bearing requests and hard tissue implants, due to their high strength, ductility and good

corrosion resistance. Nevertheless, these metals cannot degrade spontaneously, and a second surgical

procedure is usually needed to remove the implants from the body after the tissues have completely healed.

Repeated surgeries increase both costs and patient morbidity [8]. Also, after the healing stage, the

presence of a permanent implant usually results in a number of adverse effects, such us osteoporosis and

stress shielding due to a mismatch in elastic modulus [7].

[001 50] The ideal bone substitute material should be porous, osteoconductive, biodegradable, and

strong enough to fulfill the required load-bearing functions. Several scaffold materials, including natural

polymers [9], synthetic polymers [ 10], copolymers [ 1 1] , ceramic scaffolds [ 12], bioglass [ 13], composites

[ 12] and metallic scaffolds [14], have been widely studied and applied clinically in hard tissue implants,

specifically in load-bearing applications. The results demonstrate that the major limitation of these porous

materials is their inadequate mechanical properties. For instance, the weak nature of the ceramics or the

very low strength and Young's modulus of the polymers, lower than those of real human bones, have

severely limited their applicability.

[001 51] On the contrary, metals possess higher mechanical properties than human bones, as a result,

stress concentrations in the bone will be less than usual and this phenomenon can induce bone resorption .

Moreover, these synthetic bone replacements poorly integrate with the cells and surrounding host tissue,

resulting in unsatisfactory surgical outcomes due to uncooperative surface environment [ 15].

[001 52] It is crucial to develop new biofoams with both porous structure similar to the architecture of

natural bones, and suitable mechanical properties. Furthermore, a scaffold material undergoing a complete

biodegradation process after a proper healing time period is even more desirable. Magnesium (Mg) is the

material that has changed the paradigm of permanent fixations. This element is having greater impact on

the scientific community because it combines the property of being both biocompatible and bioresorbable,

while is thought to accelerate bone regeneration [ 16], In fact, most of Mg in the human body is located in

the skeletal tissue, and is an important element for bone growth [ 1 7],



[00153] Based on these advantages, g foams have been already analyzed in the literature on tissue

regeneration [16], [18]. However, as a biomedical material, the high corrosion rate of Mg and Mg-based

alloys has been observed to result in high concentrations of Mg + and H+ gas release. In spite of Young's

modulus of pure Mg (45 GPa) [19] is close to that of bone (20 GPa) [20], the yield strength of pure Mg is

approximately 20 MPa, lower than that of human long bone (106-133 MPa) [21]. Therefore, it is essential to

take relevant measures to control its corrosion rate and to improve its mechanical properties,

[00154] The fabrication routes of Mg-based foams have not yet been widely studied and the process

parameters necessary to obtain the desired structures are not yet well known. In the early stage of the

investigation of porous devices; fabricated with Mg-based alloys, the main objective is to develop

manufacturing processes to create sponge-like architectures and understand the resulting mechanical

behavior [22]-[27]. Also, the relationship between surface of porous Mg devices and degradation behavior

has received limited interest and it is still a controversial issue. These results indicate the need for further

research on the surface design, characterization of corrosive behavior, and the surface effects on the

possible biological response. Therefore, it is necessary to develop a new structure similar to bone

organization and determine the preliminary surface role on corrosion rate and cells behavior.

[00155] During the last decade, great interest in porous scaffold substitutes has emerged because of

their applicability in bone tissue engineering [28]. Porous material provides the necessary support for cells

to grow, proliferate, and preserve their differentiated function. Hence, the shape and the properties of the

new tissue are defined by the scaffold geometry [29], This example provides a review of Mg and its alloys

used as biomaterials and a description of their properties and applications.

[00156] Bone tissue engineering is the gold target for this work, therefore, the theory of fracture healing

process, and the introduction of bone replacements as a strategy in this field of orthopedic surgery is

described as well. In that way, stress shielding as a consequence of removal of normal stress by an

implant, and the suitability of Mg for its use in biofoams will be discussed taking into account the role of Mg

in the human body.

[00157] Bone is the second most frequently transplanted tissue [30]. Unlike other tissues, bone can be

regenerate and heal itself. However, in intense fractures or large bone defects, the self-repair ability of the

bone can fail resulting in slowed unions or non-unions [2]. A bone scaffold is defined as an implanted

material that promotes bone healing through osteogenesis, osteoinduction, and osteoconduction. This is a

relatively complex device that should be degradable, allow cell attachment and provide mechanical support

in order to avoid bone repair failure.

[00158] There have been extensive research efforts in biomaterials and tissue engineering dedicated to

the production and application of bone scaffolds [28], [31]—[33]. A broad agreement in the biomaterials

community determines that vascularization plays a crucial role in tissue engineering [28], [32], Therefore, a



complete explanation about current understanding of bone healing in fractured long bones is provided in

this section.

[00159] Fracture healing is a proliferative physiological process which can return the bone to its original

mechanical conditions. This repairing process occurs in four intersecting stages [34]: I) the reactive stage or

hematoma formation; II) the reparative stage or fibrocartilaginous callus formation; and III) the final

remodeling stage or bony callus formation; and IV) bone remodeling. Each step of the bone healing process

is shown in FIG. 9 .

[00160] In the early stage, few hours after fracture, the extravascular blood cells form a blood

accumulation known as hematoma. Then, inflammatory cells and fibroblasts infiltrate the bone. This

permeation results in the formation of an unattached cumulate of cells, interspersed with small blood

vessels, identified as granulation tissue. Ingrowth of vascularization and migration of reparative

mesenchymal cells occur as well. At that point, reparative stage derives and periosteum cells start

replicating (cells proximal to the fracture become chondroblasts and form hyaline cartilage, distal cells

develop into osteoblast and form woven bone). At the same time, the fibroblasts within the granulation

tissue begin to define a stroma to support the vascularization [34], [36].

[00161] Once vascular ingrowth progresses, osteoid is secreted and mineralized. This new tissue

grows in size until it meets its homologues from the other parts of the fracture. Then, a soft callus starts

forming around the repaired site. The next step is the replacement of the callus with lamellar bone while

healing bone is colonized by channels containing microvessels and the bone starts restoring to its original

shape and properties. At that moment, in the remodeling stage, trabecular bone is substituted with compact

bone. This final process occurs slowly from months to years and it is facilitated by the loads bones are

bearing during ordinary daily activities [34], [36], [37],

[00162] According to the description of fracture repairing, an important stage of bone healing are the

first 2 weeks in which revascularization occurs and needs to be guided. After that, in the period from 4 to 6

weeks, the formed callus is very weak in terms of resistance to movement. Thus, fracture requires adequate

protection in the form of the incorporation of an artificial bone replacement. The process of the bone-

material integration is shown in Table 2 . This definition leads to consider highly relevant the effects of the

mechanical stimuli on bone growth. Hence, the processes of new biological tissue creation demands an

artificial substrate in order to guide tissue growth.

[00163] Table 2 - Bone-implant integration process

Time Process Involved Cells

0-2 days i Clot formation Platelets

2-3 days Hematoma stabilization Immunologic cells

3-10 days i Hematoma organization Mesenchymal cells



i Mesenchymal cells orchestration Osteochondroprogenitor cells

Osteoblast differentiation Preosteoblast

i Production of local factors Osteoblast

Osteon synthesis Osteoblast

1-3 weeks i Osteon Maturation Osteoblast

Calcification Osteoblast

• weeks i Bone tissue maturation Osteocytes

>4 weeks Bone remodeling Osteocytes

Stress Shielding

[001 64] It was proposed that mechanical stimuli would modify bone geometry in a way that tended to

prevent structural failure of skeletal tissues [37], Thus, bone is a dynamic tissue which renews itself during

normal function for adapting itself to mechanical loads. In this section, the constitutive model for adaptive

bone remodeling proposed by Hazelwood et al. [39] is described in order to illustrate the differences in

remodeling behavior of bone when it is placed in disuse or overload. This model is appropriate to evidence

the reduction in bone density as a result of normal stress removal by an implant, phenomenon which is

usually termed dress shielding.

[001 65] The model simulates porosity and bone elastic modulus changes by internal remodeling

activation as a response to an altered mechanical loading. Schematic representation is shown in FIG. 10 .

There, the activation is caused by damage or low strain and the porosity is function of the activation

frequency. The two feedback loops indicate that the more increased remodeling results the more increased

are porosity, strain, and damage formation. In the activation case, spatial and temporal recruitment of cells

that form and resorb bone are orchestrated. It is important to highlight that this group of cells orchestrated,

responsible for remodeling activities, has been termed BMU (basic multicellular unit) [40],

[001 66] Based on FIG. 10 , porosity (P) change rate is a function of the activation frequency of bone

remodeling which is divided in bone resorbing (Q R) and bone refilling (Q F) for each BMU, According to

Martin [40], the BMU forms a cylindrical union about 2000 long and 150-200 µ ι ι wide. This canal

progressively penetrates the bone at a speed of 20-40 m per day. Osteoclasts have the ability to resorb

fully mineralized bone, an activated osteoclast is able to resorb 200,000 m3 per day which would be the

amount of bone formed by ten generations of osteoblasts [41]. Then, osteoblasts, the cells within bone

which provide the extracellular matrix and control its mineralization, will fill the canal to produce a renewed

bone.

[001 67] Hence, as a concordance between Martin and Hazelwood, the porosity chance rate is function

of N R and N F the cells population density of resorbing and refilling, respectively. And it is also function of Q R

and Q F, which are supposed to be linear in T R and T F, the resorption and refilling periods. The populations

N R and N F are defined by integrating over TR, T i (reversal time) and T F time periods of the activation

frequency (fa) . Then, Hazelwood assumed fa as a function of disuse and damage. And, due to BMUs must



start on the bone surface, fa is also related with surface area (SA). The complex of equations that govern the

model are shown in [37], [39].

[00168] To illustrate de variation effect of axial stress, transverse stress, and a pin stiffness on bone

porosity, numerical implementations of the model are described in [37]. The applied loadings for the effect

of axial stress calculus were P= .6, 1.8, 2.0, 2.2 and 2.4 kN, for the influence of transverse loads on bone

porosity the stresses applied were P= 0.1, 0.2, 0.3, 0.4 and 0.5 Mpa. Similar behaviors can be seen in both

cases. The results in FIGS. 11 and 12 show that axial stress can strengthen a bone tissue by depositing

new skeletal material. Then, the elastic modulus increases resulting in a decrease of strain on the bone

structure, However, when the axial loading is high enough, a further increase in load has a very small effect

on the remodeling process. Insufficient capacity of the body to produce osteoclast could be the principal

responsible factor. Thus, the axial loading must have an upper limit which is still an open question [37].

[00169] The effect of pin stiffness on the bone porosity change was calculated with the following values

from Young's modulus E=1 00, 150 and 200 GPa. The change of bone porosity as a function of the time

was plotted in FIG. 13. It is evident that when the E=200 GPa, the porosity increases as time progresses,

while porosity remains stable when E=150 GPa or below.

[00170] This is the numerical prove of stress shielding of bones caused by implants, the fixation device

is bearing a large portion of the load that would normally be bore by the bone and a reduction atrophic

remodeling can be induced. Moreover, the Young's modulus for bone is E= 10-30 GPa [20], [42] which

means that the behavior observed for E= 150 GPa pin is the expected for a E=~90 GPa device. The natural

purpose of raised remodeling rate is to eliminate "unnecessary" bone mass, remove damage or reorganize

tissue. As a consequence of this bone negative feedback, remodeling reduces the bone porosity and can

weaken the skeletal structure. This is therefore essential to understand the remodeling process, as a

fundamental biological process in the design of a device for bone replacement.

Introduction to Mg

Chemical and physiological characteristics

[00171] Mg is the eight most common element on Earth [43] and is a chemical element in the group 2

(alkaline earth metal) within the periodic table. Its atomic number is 12 and its common oxidation number +2

[44]. Positively charged Mg2+ is able to bind electrostatically to the negatively charged groups in

membranes, proteins and nucleic acids [45]. Mg is a highly reactive metal. Thus, security precautions must

be taken when manipulating it. A summary of the physical properties of Mg is shown in Table 3 .

[001 72] Table 3 - Physical properties of Mg

Property Value Property Value

Atomic number i 12 Boiling point M107 °C

Atomic mass 24.305 g.mol - 1 Thermal conductivity 155 W/(kg K)



Density 1.74 g .c -3 at 20 °C Electrical resistivity 4.45 µΩ cm

Meting point j 650 °C Heat of combustion 25 1 MJ/kg

[00173] Mg is the fourth most abundant mineral in the human body. With about 760 mg at birth and

increases up to 25 g to 35 g in the adult, per 70 kg bodyweight [17]. Approximately 50% of Mg is found in

bone, the other half is predominantly inside the cells of muscles and soft tissues, where Mg is the most

abundant intracellular divalent cation [47], Only 1% of Mg is found in blood and the body works very hard to

keep this percentage constant, The normal concentration of Mg in blood serum is 0.73-1.06 mmol/L [45],

[47], The distribution of Mg concentration in a healthy adult is shown in FIG. 14. The total body Mg

concentration in the average 70 kg adult with 20% fat is 1000 to 1120 mmol or 20 to 28 g [48].

[00174] Mg is fundamental in a lot of biochemical reactions in the human body where it acts as co-

factor in many enzymatic responses. Intracellular Mg is mainly bound to nucleic acids, ATP, phospholipids

and proteins which are of central importance in the biochemistry of the cell, and particularly in energy

metabolism [45], [50], [51]. Mg is also regulator for more than 350 proteins [52]. It helps to maintain muscle

and nerve functions, keep heart rhythm steady, supports a healthy immune system and keeps bones strong

[53].

[00175] The majority of Mg in the body is absorbed via daily intake. The human diet demand for Mg is

about 375 mg/day with adjusted dosages subject to age, gender and nutritional preferences [17],

Meanwhile, the control over excess in serum levels is dependent on intestinal absorption as well as kidney

function. Mg excess is also regulated via storage in bone and it serves as a reservoir of exchangeable Mg

[49], [54],

[00176] The chemistry of Mg is unique among the elements of biological relevance. Mg is crucial for

man and it is required in relatively large amounts. Moreover, Mg has an important role in bone formation

and can also be referred to as a natural Ca antagonist [49]. In addition to being an essential element for the

human metabolism, it can be safely removed from the body via kidney or excretion. Mg is also considered

to be biocompatible and non-toxic [19], [55]-[57]. Therefore, Mg has the potential to be an ideal biomaterial,

especially for bone tissue engineering applications.

Evolution of Mg as a biomaterial

[00177] The history of Mg as a biomaterial started shortly after the first production of metallic Mg in

1808. At that time, the material was used as ligature wire for bleeding vessels based on Mg resorption [58].

Because the problem of controlling corrosion of Mg in vivo had not been appropriately solved, many

surgeons preferred to use more corrosion-resistant materials and Mg was no longer studied [59],

[00178] Nowadays, Mg and its alloys have been introduced and researched for cardiovascular and

orthopedic applications. The Mg-based devices provide temporary mechanical support to narrowed arteries

or fractured bones during the healing and remodeling processes, and are eventually replaced by new



arterial vessel or skeletal tissue. Cardiovascular Mg-based implants demonstrated in 2013 their

biocompatibility and feasibility for clinical use [60]. A more detailed review of biodegradable metal stents

can be found in [61].

[00179] There have been also critical reports on the use of Mg in bone applications, which are mainly

based on in vitro testing [18], [62]— [68] . The first approach was in 1924 when the little action of Mg as

connective tissue stimulant was published. The results led to the hypothesis that Mg possibly accelerates

the new bone production [69], [70], Years after, around 1948, the concept of alloying Mg with other

elements to improve its properties, emerged when Troitskii and Tsitrinreported [62] successfully treating 34

cases of pseudarthrosis with a plate and screw made of an Mg-Cd alloy. The osteosynthesis material was

resorbed completely, without any remaining dangerous element and also stimulated the formation of callus

bone. A patent for alloying Mg with Cd to improve the corrosion resistance was filed in 1969 [71].

[00180] Since the return of interest for Mg in biomedical applications, from essentially no papers on the

topic some years ago, there are currently 10-15 articles found in SCOPUS each week dealing with different

aspects of Mg bioperformance. This revolutionary approach toward biodegradable metallic materials is

being rediscovered. The development of Mg implants gained recent attention because it can change the

paradigm of permanent fixations as there is no need for a secondary removal surgery. Neacsu et al. [18]

wrote a state of the art of recent patents on Mg-based bone implants and there were no porous structures

on the list of patents. However, up to now there is no clinical application of Mg implants, mainly due to the

repetition of the same systematic errors in the research works.

[00181] Therefore, research on Mg changed to focus more on the effect of certain types of alloying

element and adopting techniques for in vitro testing. For example, Kirkland et al. investigated the influence

of the alloy elements in the dissolution rates [72], [73], and also worked hardly in the optimization of the

methods for assessing the corrosion rate of Mg and Mg-based alloys [68], [74], [75]. The problems of in vivo

resorption being too rapid, too localized, or unpredictable were handled by them. Thus, their research

efforts resulted in possible candidates for biomedical implants with customizable dissolution rates.

[00182] Witte et al [76], [77], since 2005, started to explore the potential of Mg-based biomaterials,

particularly Mg-based alloys containing Al, Zn and RE and the associated bone response. The results

showed high mineral apposition rates and an increased bone mass around the Mg implant. After that, the

studies were mainly based on in vitro and animals testing. In that way, they assessed the role of biological

environments on Mg behavior as biomaterial [78]—[80]. The products are in accordance with the results of

Kirkland and demonstrate that Mg alloys can act as customizable materials which should be designed

based on consideration of microstructure and localized environment degradation processes.

[00183] Kim et al. investigated the influence of Ca addition on corrosion of Mg in vitro by varying the

percentage of Ca added into the alloy [81], Likewise, Huan et al. compared the degradation behavior and



cytocompatibility of different Mg-Zn-Zr alloys [82]. Zhang et al. worked hardly on assessing the effects of the

binary g-Zn based alloys on the cells toxicity and morphology [83]—[86] .

[00184] Concurrently, studies have explored techniques to slow down the corrosion rate of Mg

implants. Several surface modifications have been proposed including microarc oxidation [87]— [89], calcium

phosphate and hydroxyapatite coatings [90], fluorinated coating [91], polymer coatings [92], [93], heat

treatment [94], ion-beam assisted deposition (IBAD) [95], and the list is still increasing,

Development of Mg-based porous structures

Porour metal based regeneration of bone

[00185] In traditional orthopedic treatments, the stability of the bone fractures was principally achieved

by using fixation and bone grafts. However, this paradigm is being changed due to the limited efficacy of the

conventional strategies for large bone healing. Hence, the idea that the improved fixation can be achieved

by bone tissue growing through a porous matrix of metal came into being, bonding in this way the implant to

the healthy tissue [96]. Furthermore, if extensive vascularization, and body fluid transport through the

porous matrix is possible due to an established pore interconnectivity, bone ingrowth can be activated.

Moreover, porous materials have low Young's modulus, depending on the porosity. Therefore, moduli can

be designed to match the mechanical properties of bone [97].

[00186] As it was described herein, bone has potential regenerative characteristics and most injuries

can heal with conventional conservative therapy or surgery as long as skeletal continuity has not been

disrupted. However, insufficient blood supply, infection of the bone or the surrounding tissues, and systemic

diseases can undesirably influence the fracture healing. Also, complete repair is unlikely if the defect

reaches a critical size and natural bone tissue is not able to regenerate itself across the gap [98], In these

cases, an optimal bone scaffold that replicates the architecture of the cancellous bone (as shown

schematically in FIG. 15) to provide guidance and support during tissue development is desirable.

[00187] Although there are significant recent research efforts, there remain challenges to the effective

implementation of Mg-based biomaterials. The most of these challenges are related to corrosion rate and

morphology. Mg alloys offer excellent properties with regard to application as degradable implant. For bone

implants, it is even more desirable to use porous materials. However, the preparation of high-porosity Mg

implants has been difficult so far.

[00188] Several researchers have used terms to describe the biological events in porous implant

stabilization and bone healing processes. In consensus, osteoconduction means that the bone grows on a

substrate, thus, this term refers to the situation where bone can grow on the surface of an implant [99], The

term bone ingrowth refers specifically to bone formation within a porous surface structure [100], Therefore,

bone ingrowth requires osteoconductive surfaces for leading to a successful osseointegration of the

implant.



[00189] Even though ceramics have good corrosion resistance, the general opinion is that ceramic-

based porous implants, thus far, cannot be employed in load-bearing applications, due to their inherent

fragility. Similarly, polymer-based porous devices are not able enough to support the mechanical forces

present in a bone replacement surgery. These approaches conducted research labors to focus on porous

metals for bone healing due to their superior characteristics of fracture and fatigue resistance, which are

required for load-bearing applications [97],

[00190] Two kinds of porous metals or metals foams exist depending upon the fabrication methods:

closed-cell and open-cell [101], [102], In a closed-cell foam, pores are surrounded by a material wall and

each pore is completely enclosed by a wall of metal, In an open-cell foam pores are connected to each

other in space, allowing tissue and vascularization to infiltrate the foam and anchor to it.

[00191] Depending on the level of interconnectivity between the pores there are two distinct recognized

types of porous implants [97]: 1) solid substrates coated by pores, and 2) porous materials. Implants with

solid interiors and porous coating, type 1), are more suitable when the porous metal by itself does not

provide sufficient mechanical strength to sustain the physiological loads, for instance, dental implants and

joint arthroplasty implants. Also, there are several implant applications which can potentially use porous-

type implants: spinal fixation devices, fracture plates, wires, pins and screws, artificial ligaments,

attachments, maxillofacial implants, and bone graft materials to fill tumor defects [97].

[00192] The geometry of porous scaffolds in the case of bone substitution demonstrated having

significant influence on the cellular response and the rate of bone tissue regeneration [103], As described in

section 2.2, there is a consensus about the importance of vascularization in bone regeneration. Thus, in

order to complete the vascularization of scaffolds, material chemistry and macro and micro-structural

properties ought to be optimized, The rate of vascularization depends on pore size, porosity, pore

interconnectivity, and volume ratio [104]. A large surface area can lead to improved cell attachment,

whereas highly porous scaffolds favor vascularization and nutrient interchange. Therefore, scaffolds for

osteogenesis should mimic bone architecture, structure and function in order to enhance integration into

surrounding tissues [33]. The minimum pore size required to regenerate mineralized bone is considered to

be 100 µ ι ι [105], smaller pores result in ingrowth of unmineralized tissue, and even smaller ones are

penetrated only by fibrous tissue [106]. Appropriate pore sizes for bone tissue engineering are reported to

be >200 µ η [107] while rapid vascularization of matrixes apparently requires a pore size greater than 500

µ ι [32], [108]. Hence, the general pore size for bone with high vascularization potential should be between

200 and 900 m [32],

[00193] Pore size is not the only important parameter in a foam for bone healing process. Bone

ingrowth should not be affected by the pore dimension as long as the assembly is fully interconnected [106],

[109], Highly porous foams could fail to support vessel ingrowth because of deficient communication of



pores among each other. Thus, interconnectivity of pores also plays an essential role in the healing

process. Furthermore, higher porosity is usually associated with greater bone formation [ 0]—[ 3].

[00194] The current development requirements which need to be met in order to carry out a bone

substitute which can closely mimic the bone tissue microenvironment, have been briefly reviewed in this

section to provide a reference for the remaining part of this thesis, with the aim of revealing a new

alternative to support the bone tissue healing.

Manufacturing routes of metallic porous structures

[00195] The advantages of metals that present a surface or bulk porosity have led to conduct

systematic research aimed at clarifying the fundamental aspects of interactions between porous metals and

hard tissue. In this section some of the main methods for fabricating fully porous metals are outlined. A

summary of the fabrication methods is shown in Table 4 .

[00196] The fabrication of porous materials has been actively studied since 1943, when Sosnik [ 1 14]

tried to generate pores in a solid Al by adding Hg to the melt. At present, there are a number of methods

used to fabricate closed-cell foams. Two general routes to generate porosity should be highlighted: melting

and powder metallurgy. Moreover, the fabrication of open-cell porous metal implants can be divided into

three categories according to the state of the metal: 1) liquid metal, 2) solid state, 3) metal vapor, and

gaseous metallic compounds [97], [115].

[00197] Table 4 - Fabrication methods for porous metals and their categorization according to the pore

distribution and the state of the metal

Porosity
State of the metal

Closed-cell Open-cell

Sintering of powders and fibers

Solid Hollow sphere structures

Combustion synthesis

Gas injection

Blowing agents

Spray forming Spray forming
Liquid

Replication

Casting using polymeric foams

Rapid prototyping

Electro-deposition
Other

Vapor deposition

[00198] The first category of metal state consists in the creation of a foam from liquid metal. At melting

point, the bulk metal is foamed directly or indirectly using space holders. There are two main ways to foam

metallic melts directly: by injecting gas into the liquid from an external source, or causing gas formation in

the molten metal by admixing gas-releasing blowing agents to the liquid [ 1 15],



[00199] Other manufacturing route consists in the partial densification during sintering of metal powders

and fibers. This technique is identified as powder metallurgy because the starting materials are powders,

which they become liquid metal [115]. This fabrication route is used in the production of porous surfaces

and porous metallic implants. In this process the production of the scaffolds is obtained by mixing metal

powders with a blowing agent, and binding and sintering the metal powders [118]. During the sintering

process, the powder particles are bonded to each other due to the high-temperature. Nevertheless, there is

only a minor change in the particle shape.

[00200] Replication process is a manufacturing method which consists in processing a preform that can

be a sintered salt or a polymer foam impregnated with plaster slurry. The preform is then permeated with

liquid metal, which infiltrates the free spaces between the grains. At the point of solidification the salt

preform is dissolved in water and the spaces of the original preform are mostly copied. This process results

in an open-cell almost fully interconnected foam [117]. Each step of the replication process is shown in FIG.

16. In the case of polymer foam, the template is filled with a slurry of a more heat-resistant material. After

that, the polymer is removed by heat and liquid metal is casted into the cavities reproducing the original

template structure [ 1 15],

[00201] Both replication process and space holder method are known to be the methods which can

produce scaffolds with the greatest porosity. The difference between replication process and space holder

techniques is that the free space between the salt grains is filled by fine metal powder instead of liquid

metal. Therefore, the space holder process begins by mixing the metal powders with a space holder

material and is followed by the compaction of the mix in order to form a green body. The resulting pellet is

then subjected to a dissolution process which is designed to remove the space holder [97], [ 1 15],

[00202] Spray forming is usually employed to create porous surfaces on solid cores; this combination of

properties usually cannot be obtained by conventional casting methods. A schematic description is given in

FIG. 17. Briefly, the liquid metal is continuously atomized and creates a spray of fast flying small metal

droplets. The precipitations are collected and grow on a substrate to generate porous structures in a given

shape [115], [118].

[00203] Metal foams can also be made from gaseous metal; two examples of porous structures

obtained from metal gas will be highlighted here. The first one is the gas entrapment technique. In this

method, metal powders are compressed into solid precursor materials with gas cavities trapped inside the

material. This is followed by the heating process, in which pressure generated by heated gas expands the

metal [44], In the second technique, a solid precursor, as the polymeric template mentioned in the

replication process, is required to define the geometry of the scaffold. Metal vapor in a vacuum chamber

can be produced and used to condense on the cold mold. The condensed metal covers the polymer and



forms a film. Finally, the thickness of the film is defined by the density of the vapor and the exposure time

[115].

Manufacturing of porous Mg scaffolds

[00204] Some of the techniques described in herein have been employed by the researchers to

fabricate Mg foams for tissue engineering. For instance, powder metallurgy [25], [65], space holder [23],

[26], [119], gas eutectic unidirectional solidification (GASAR) [120], and infiltration casting [22], [24], [79],

[121], The properties of some porous metals obtained are given in Table 4 , and the final structure is shown

in FIG. 18.

[00205] Table 5 - Properties of porous Mg devices (NR: Not reported)

AZ91 Infiltration casting 25 NR 7 [122]

[00206] Trinidad et al. [22] investigated porous Mg processed by infiltration casting with porosity

ranging from 30 to 60%. They described the effect of the process parameters on the properties of the foams

with five Mg-based alloys. The lowest achieved porosity was 30% with the ZWM200 alloy. The highest

porosity was 69% which is the typical porosity in the Al foams obtained by this method. The mechanical

properties of the scaffolds were directly related to the porosity achieved. It can be seen, in the first five

alloys in Table 5, that there is an inverse relationship between the porosity and the mechanical response.

Moreover, Hao ef al. [25] showed that the morphology and sizes of the pores can be controlled by selecting

an appropriate carbamide particle; furthermore, a tailored porosity can also be obtained by varying the

volume fraction of the space holder.

[00207] Wang et al. [23] developed a weakly corrosive and highly flexible salt mixture space holder to

fabricate Mg foams by infiltration casting. Their results showed foams with stress-strain behavior dependent

on the porosities and the relative densities of the foam samples. Osorio-Hernandez eta! [24] also used

replication process to obtain Mg foams and found that increasing the pore size, the relative density

decreased, while the porosity increased. Hence, the smaller pore size (1mm) and the lower porosity

percentage (67%) exhibited the highest mechanical properties. Jiang and He [ 1 19] proposed the use of



titanium wire as space holder, and obtained a porous structure as interconnected pipe-like pores (FIG.

18D). The pores geometry was individually controlled to obtain mechanical properties comparable to those

of the cancellous bone.

[00208] In general, the fabrication of porous structures based on Mg alloys has been limited, mainly

because of the high reactive potential of this material, hence, the complications with the sintering. In the

current state of this review, all the processes described require modification of the equipment and the

procedures already standardized for other metals. Since Mg is highly flammable, processing of the material

is normally performed in vacuum or in an inert gas environment. There is a need for studies which focus

their efforts on developing a reliable, safe and low-cost method for manufacturing porous Mg foams.

Degradation rate control of Mg implants by surface modification

[00209] Chemically active Mg possesses a strong electronegativity and standard potential of 2.3V

[123]. Hence, the degradation rate is one of the biggest problems in its real applications. In the recent

years, the corrosion mechanism of Mg alloys has been actively researched. Therefore, many solutions,

from the chemical and physical aspect, have emerged. This section provides a summary about research

progress of surface modification of Mg-based biomaterials.

[00210] Wu et al. [124] wrote a review describing the prospective methods for surface modification of

Mg alloys. They classify the methods into five categories: I) Substrate-involving coatings. It means that a

portion of the Mg substrate participates in the preparation process and is eventually converted into

deposited coating; II) Ca-P-based coatings. Since Ca and P are the main elements in bone tissue, they

have been widely used to promote osteoconduction; III) Polymer-based coating, using polymers approved

for human clinical applications; IV) Composite coatings, various combinations such as ceramic/ceramic and

ceramic/polymer have been proposed; V) Ion implantation, this technique involves a process in which ions

are accelerated and impinge on the surface. This method provides the possibility of introducing different

species into a substrate independently from thermodynamic limitations such as solubility.

[00211] Microarc oxidation (MAO) or plasma electrolytic oxidation (PEO) is one of the ways to fabricate

substrate-evolving coatings on Mg-based materials. Pan et al. [125] used this technique to fabricate Ca-P

ceramic coatings on pure Mg, Mg-0.6Ca, and Mg-0.55Ca-1 .74Zn. They studied the coating formation, and

the growth and mineralization mechanism. Some conclusions can be drawn from their results: the porosity

and microcracks of the coating are two important factors affecting the electrochemical corrosion behavior.

The movement of dissolution-precipitation balance depends on the coating corrosion resistance and

apatite's forming ability.

[00212] Xiao et al. [126] prepared a Ca-P coating on AZ60 Mg alloy using phosphating technology. The

degradation behavior was studied in vivo using coated and uncoated samples. Then, significant differences



in mass losses and corrosion rates between uncoated samples and Ca-P coated samples were observed

by micro-computed tomography.

[00213] Usually, Ca-P based coatings have relatively high dissolution rates in the biological

environment and do not have long-term stability. Researches have emphasized in paying attention to the

degradation rate in the initial healing stage. To meet the healing requirement, Li e a/. [127] presented a

study that addresses the deposition of a duplex coating by MAO treatment and polycaprolactone (PCL)

coating to improve the corrosion resistance of pure Mg. The corrosion resistance of the complex was

evaluated by immersion test. Their results revealed that PCL coating increased the corrosion resistance of

Mg.

[00214] As another strategy, Wu et al. [128] implanted Zn ions, one of the vital elements in the human

body, into pure Mg by using a cathodic arc source, at an accelerating voltage of 35 kV. The degradation

rate in SBF decreased significantly. X-ray photoelectron spectroscopy (XPS) revealed galvanic effects

between the metallic Zn-rich surface and the lower Mg matrix.

[00215] A description of some surface modification methods recently applied for Mg-based materials

was presented. Nevertheless, the aim of the surface design is to alter the surface while not changing the

bulk properties. Hence, the dynamic interface may be considered in order to provide the materials with the

desirable mechanical properties, corrosion resistance, and biocompatibility during tissue healing. Therefore,

temporary surfaces that can better meet clinical needs and their application to biodegradable materials are

expected to emerge.

Conclusions and perspectives

[00216] In this section and described herein, main concepts of bone tissue engineering are described.

Also described are examples about the addressing of Mg behavior problems. Development of

biodegradable implants has revolutionized the paradigm of hard bone replacements. Since the reported

works based on Mg behavior had shown some successful results, it is promising but still challenging to

obtain such a new kind of biodegradable implant.

Biodegradable Mg-based alloys: properties and selection

Introduction

[00217] Magnesium (Mg) alloys, when used in biomedical applications, have advantages over other

materials such as ceramics, metals and traditional degradable polymers because of their mechanical

properties. Metals are more suitable for load bearing applications in comparison to ceramics and polymers

due to their high mechanical strength and fracture resistance [55], The density values of Mg and its alloys

are very similar to those of cortical bone while commercial biomedical materials usually used as bone

implants, such as titanium Ti6AI4V, 3 16L stainless steel and synthetic hydroxyapatite have very different

density values, as shown in Table 6 . These density differences may produce stress shielding and



micromotions at the bone-implant interface, leading to disproportionate interfacial mechanical stress. This

phenomenon may guide to the growth of fibrous tissue and, finally, implant failure [129]. To address both

restrictions, new materials with mechanical properties closer to those of the bone may be used. At present,

strong requirements in bone repair and regeneration of bone defects are still to be met.

[00218] Table 6 - Density values for materials commonly used in biomedical applications

[00219] In order to ensure the safety of biodegradable materials, researchers have worked on the

development of new types of Mg alloys with other transition metals, without toxicity or with low toxicity

values, mainly including systems like Mg-Ca, Mg-Zn and Mg-Mn. Advances in the description of the

properties provided by the new groups of alloys, have been described [55], [57], [67], For instance, Mg-Ca

alloys do not induce cytotoxicity in cells and reduce the corrosion rate compared to pure Mg. Furthermore,

osteoblasts and osteocytes have shown high activity around Mg-Ca implants [131]. Zn is an essential

element in the human body and has a strengthening effect in the alloys. Additionally, Zn can increase both

the corrosion potential and toughness of Mg [132]. Other alloying elements such as Mn, Si and Ag have

been studied to evaluate its biological behavior against to pure Mg. The lowest adverse effects have been

found in Mg-X alloys systems [56].

[00220] Mg and its alloys are lightweight metals, highly biocompatible and have mechanical properties

similar to those of natural bone [55]. These materials have the potential to be osteoconductive and

biodegradable replacements for load-bearing applications in the domain of hard tissues. However, the high

corrosion problems in physiological environments have limited their use in the human body. For these

reasons, a review of the Mg-based alloys used for orthopedic and tissue engineering over a period of 10

years is provided. The considerations for choosing the most appropriate Mg alloy are summarized in FIG.

19. A strategy for the accurate selection of the alloy is also described herein.

[00221] Corrosion behavior

[00222] Biodegradable materials are designed to provide temporary support during the healing process

and then progressively disappear. This structure requires materials that offer adequate mechanical

properties and a degradation rate similar to the tissue healing rate. Hence, the key for the development of a



biodegradable Mg-based implant is to bring the corrosive attack at the lowest possible rate. Alloying is one

of the most effective ways to control degradability [ 19], [55].

[00223] The designation system of the Mg alloys generally follows the nomenclature of the American

Society for Testing and Materials (ASTM) [ 133], [ 134] and uses a combination of letter and typical figure.

Mg alloys can be divided in three main groups: pure Mg (Mg) with traces of other elements, Mg alloys

containing Al and Al free alloys. From these groups, only the alloys that enable slow corrosion rate are

useful for orthopedic applications.

[00224] Generally, elements can directly strengthen the mechanical properties of the alloy through

different strategies such as precipitation hardening and grain refinement [56], [ 135], The most common

elements in Mg alloys are Al, Ca, Li, Zn and Mn. These elements can react with Mg or between themselves

and form intermetallic phases. When these metallic phases are distributed within the grain boundaries or in

the Mg matrix, they influence the corrosion behavior as described in Table 7 . Some points can be

summarized: elements such as Al, Mn, La and Nd improve the corrosion resistance of Mg alloys. For

another elements such as Ca, Sr and Zn, the effect depends on the element concentration: if the

concentration is high, the corrosion resistance is deteriorated, whereas when the concentration is low

corrosion rate decreases. The corrosion resistance is always affected by the addition of Li.

[00225] The degradability of Mg-based alloys is an issue because of the acceptance of alloying

elements by the human body. When the element concentration exceeds the tolerance limit, the corrosion

rate is significantly accelerated [ 19], Hence, the high corrosion rate of an Mg-based sample changes pH

and concentration of ions, which have a negative effect on cell viability. Orthopedic materials need a period

of 3 to 4 months from the callus formation to the new bone growth [ 136], Unfortunately, most of currently

investigated Mg alloys degrade too fast and the mechanical properties fall abruptly in the initial stage of

corrosion. Erinc et al [1 37] suggested that, in order to keep the mechanical properties long enough, the

degradation rate may be less than 0.5 mm/year in simulated body fluid . Pure Mg, in its compact form, has a

corrosion rate of 2.89 mm/year. The corrosion rate of the most common Mg alloys is shown in Table 8 .

[00226] Table 7 - Effect of the alloying elements on Mg corrosion rate

i Element Effect Reference j

Al The microstructure of the alloys containing Al positively affects the corrosion [65], [66], j
properties in simulated body fluid (SBF). The corrosion resistance increases in [ 138], [ 139] j
proportion to the content of Al in the alloy,

Ca Excessive addition of Ca in Mg alloys deteriorates the corrosion resistance. The [57], [66], j

concentration of Ca in Mg alloys should be less than 1% . The corrosion [67]

behavior of samples with small amounts of Ca was milder and more uniform that

of the samples with higher amount.

Li Li is more active than the Mg metal and that condition is reflected in its corrosion [ 140], [141 ] j
resistance. Li improves corrosion resistance at concentrations below 9% in pure



Mg but significantly accelerates the corrosion rate with higher additions.

Mn ; Mn improves corrosion resistance in small amounts, A high concentration of Mn [57], [131]

causes deterioration in the corrosion resistance of the Mg-based alloys by

forming Al intermetallic phases containing Mn. Studies suggest that the addition

; of 1% Mn enhances the corrosion resistance in alloys based on Mg-Mn.

Zn Zn inhibits the damaging effects of impurities like Fe and Ni. The corrosion [55], [57],

; resistance improves with the addition of Zn. However, excessive addition of Zn [142], [143]

can impair corrosion resistance. The optimum content of Zn in Mg alloys may be

\ at least 5%

Sr Its influence on corrosion depends on the volume fraction, the optimum content [142], [144]

is less than 2%.

La ; The addition of less than 1%, results in a uniform corrosion. [57]

Y Its influence on the corrosion resistance is not clearly established. It depends on [57]

the alloy composition. In Mg-Y systems the corrosion resistance increases when

i the concentration is > 2%.

[00227] Table 8 - Mg alloy corrosion rates

Mechanical properties

[00228] The therapeutic targets of the material configuration proposed in this thesis are load bearing

orthopedic applications. Pauwels established the first ideas on how the tissue regeneration process is

related to mechanical factors (see [153] for a review). According to his work, new bone formation during

fracture repair occurred only under well stabilized mechanical conditions. The Mg alloys dedicated to this

purpose may combine high strength with low Young's module, near to the bone, in order to prevent stress

shielding. A description of this phenomenon is provided herein.



[00229] Erinc et al. [137] proposed some mechanical and corrosion requirements for bone fixations:

corrosion rate may be less than 0.5 mm/year in simulated body fluid at 37°C, higher strength than 200 Pa

and elongation greater than 10%. A summary of the mechanical properties of the most commonly used

alloy elements in biomedical applications is listed in Table 9 . The mechanical integrity during the

degradation is as important as the initial resistance. As illustrated in FIG. 20 g alloys show a large range

of tensile strengths and ultimate elongation,

[00230] Table 9 - Effects of the alloying elements on Mg mechanical properties

Yield
Element j UTS Ductility j UCS Hardness j Creep Castability

strain

Al ++ ++ + + +

Ca i + j - + + ++ +

Li i - j + i - -

Mn + \ + + +

Zn + - i -

Zr + j + + ++

Sr i + - + +

La + + +

Nd + i - +

Y ++ + ++ + + +

UTS = ultimate tensile stress, UCS = ultimate compressive stress.

Effect coding: ++ = excellent, + = good, - = bad

Cytotoxicity

[00231] There are many considerations in the selection of the elements in an Mg alloy for biological

applications, as shown schematically in FIG. 19. A basic consideration is the toxicity. Degradation products

should be nontoxic and easily absorbed by the surrounding tissues or dissolved by excretion through the

kidneys [132], Alloys and alloying elements that have been reported for the manufacture of Mg-based

biomaterials, can be considered in the following groups [56], [131], [154], [155]: I) well known as toxic

elements: Be, Ba, Pb, Cd, Th; II) elements that may become toxic or cause allergy problems: Al, V , Cr, Co,

Ni, Cu, La, Ce, Pr; III) elements that are part of human metabolism: Ca, Mn, Zn. Sn, Si, Al, Bi, Li, Ag, Sr, Zr.

[00232] Even though there are elements that are part of human metabolism, no metal can be

consumed without restriction and many of the alloying elements may cause toxic reactions when consumed

beyond its tolerance limits. The biocompatibility of alloys is influenced by the amount of free elements, and

this factor is directly related to the corrosion rate of the alloy in the environment in which it is used [63]. This

statement indicates that the alloying elements are safe if their release rate in the alloy is within the allowed

limits. The maximum daily consumption for the elements commonly used in Mg alloys and normal levels of



certain elements in the blood serum are shown in Table 10 and Table 11, respectively. It is clear that Ca

has the higher limit, followed by Mg, Fe, Zn and Al, in that order.

[00233] Table 10 - Toxic limits of frequently used elements in Mg alloy

[00234] Table 11 - Normal level in blood serum of elements commonly used in Mg alloys

[00235] It should be noted that the maximum dose of the elements listed in Table 10, refers to the

intake dose allowed and might give an idea of the permissible amount in the human body. Nevertheless, the

determination of the admissible limits also depends on the location of the implant, healing mechanisms and

corrosion. For example, it is reasonable to expect different considerations for manufacturing vascular

replacements, located in direct contact with the bloodstream, when compared to implants for orthopedic

applications. Therefore, cytotoxicity tests can be used as quick indicators of the alloys behavior in the

biological environment. The cytotoxic behavior of Mg alloys used in orthopedic applications is shown in

Table 12.

[00236] Table 12 - Cytotoxic effect of Mg alloys

Culture time
Material Cell line Cell viability (%) Reference

(Days)

Mg L929 4 65.7 [55], [131]

Mg i NIH3T3 7 90.6 [55], [131]

Mg MC3T3-E1 7 87.5 [55], [131]



[00237] Table 12 summarizes the viability of various cell lines cultured in extracts of Mg alloys.

According to ISO 10993-5: 2009 [167], when there is a reduction in cell viability of over 30%, it is

considered that there are cytotoxic effects. According to Table 12, pure Mg, Mg-3Ca, Mg-0.5Mn-3Sn and

WE43 alloys have cytotoxic effects on L929 cells.

[00238] Mg and Ca are documented as to be biocompatible elements and have high allowed doses in

the diet (Table 10). Besides different tolerance capabilities of the cell lines, the reason for these results can

be attributed to the corrosion rate. Chen et al. [56] studied the influence of pure Mg with different corrosion

rates obtained with different extrusion temperatures, The results confirm that the corrosion rate has

significant influence on viability, adhesion and cell proliferation,

Analysis of the alloys and selection method

[00239] The sequence followed for the selection of the best Mg-based alloy is shown in FIG. 2 1 . The

specific considerations in the selection process are described below. Briefly, The first step is to specify the

performance requirements of the component and broadly outline the main materials characteristics [168].

Then, certain classes of materials may be eliminated or chosen as probable candidates. Finally, the

relevant alloys are ranked in order of performance and the optimal material is selected.

[00240] The selected alloy should satisfy its requirements in service. For bone replacement cases, the

success of an implant for orthopedic applications is highly dependent on three major factors: The first and

foremost requirement for the choice is its acceptability by the human body. A biomaterial used for body

implant should have enough biocompatibility for long-term usage without rejection. Second, biodegradable



implants may have the less corrosion rate possible and this is basically coupled with the third condition:

mechanical properties close to those of human bones: yield strength of 104-121 MPa, ultimate tensile

strength of 283 MPa and elongation of 1.07-2.10% [19], [169]. All of these requirements were included in

the studied properties and pondered with corresponding values to obtain a global result.

[00241] The principal group of alloys was chosen by ranking corrosion behavior (Table 8) and

cytotoxicity (Table 12). The properties of the selected alloys are presented in Table 14. The alloying

elements which are part of the chosen alloys, were excluded due to the toxicological limits in Table 10 .

Therefore, no rare earths containing alloys were taken into account.

[00242] In the well-known Weighted Properties Method, for each material property a weight is assigned,

depending on its importance. A weighted property value is obtained by multiplying the scaled value of the

property by the weighting factor (a). The individual weighted property values of each material are then

summed to obtain a comparative materials performance index (γ) . The material with the highest γ is

considered as the best option for the application. In the cases where numerous material properties are

specified and the relative importance of each property is not clear, determinations of a may be mostly

intuitive, which reduces the consistency of the selection [170], [171]. This is true especially when combining

the numerical values of the mechanical and physiological properties. This problem may be solved by

adopting a systematic approach to the determination of a and introducing the scaling factors, as described

in [172],

[00243] To calculate a , using the Digital Logic Approach as described in [1 72], evaluations are

arranged in a way that only two properties are considered at a time. Every possible combination of

properties or performance goals is compared using a yes (1) or no (0) decision for each evaluation. For

example, it can be seen in Table 13 that cytotoxicity (CC) is more significant parameter than yield stress

(YS), therefore, CC has 1 and YS has a 0 . The properties are listed in the left column, and comparisons

are made in the columns to the right.

[00244] For the determination of the factors, each property is scaled, thus its maximal numerical value

does not exceed 100. Equation 1 and Equation 2 were used for this purpose. Each time when a list of

candidate materials is evaluated, each property will be taken into consideration only once. The highest

value appreciated in the list is 100, and all other properties are scaled proportionally. Introducing the scaling

factor facilitates the conversion of the normal values of each property of the candidate material into

dimensionless scaled values.

[00245] Based on the selection method exposed above, the positive decisions and the pondering

factors are listed in Table 13. Finally, the performance indices were calculated using the data summarized

in the aforementioned tables, and the results are presented in Table 15.

[00246] For a given property, the scaled value B, for a candidate material will be:



_ , , , Numerical value 6 f the property* 00
B - scaled property ~ · —

Maximum value the list
(Eqn 1)

For properties where a low value is more desirable is calculated as:

Mi t i of the list x w o
scaled property

Numerical value off ttkhe property
(Eqn 2)

Then, the material performance index is:

vY
(Eqn 3)

Then, a calculated with the Equation 4 :

Positive decisions
=

N
(Eqn 4)

[00247] Table 13 - Determination of the pondering factors for each property

ositive Pondering
Property \ CC \ YS UTS

P
E CR

decisions factor (a)

Cytotoxicity (CC) 1 1 i 1 1 4 0,4

Yield Strength (YS) 0 ! 1 0 0 1 0,1

Ultimate Tensile Strength (UTS) 0 0 1 0 1 0,1

i Elongation (E) 0 ! 1 0 0 1 0,1

Corrosion rate (CR) 0 1 1 i 1 3 0,3

[00248] Table 14 - Properties of selected candidates

CC YS UTS ε CR
No. Material

[%Viab.] [MPa] J [%] [mm/year]

1 WE43 65 120 200 1,5 0,5

2 Mg-0.8Ca 8 1 147 i 198 8 0,5

3 Mg-2Sr 83 149 \ 151 7 0,8

4 AZ31 88,3 165 i 241 12 0,5

5 Mg-1Zn-1Ca 75 120 \ 120 6 2

6 Mg-1Zn-Mn 100 249 i 260 22 0,3

7 Mg-1Si 88,3 120 \ 198 2,5 5

8 Mg-1Sr 84 130 i 150 2,7 0,8

9 i Mg-1Ca 81,8 140 220 10,5 2,08

10 ZK61 80 305 i 195 3,5 26

[00249] Table 15 - Hierarchization according to the performance index

CC YS UTS ε CR Performance
No. Material

rViab. %] i [MPa] i [MPa] i [%] [mm/year] j index

1 Mg-1Zn-Mn 40,00 4,82 10,00 18,33 30,00 j 103,15

2 AZ31 35,32 7,27 9,27 i 10,00 18,00 j 79,86

3 Mg-0.8Ca 32,40 8,16 7,62 6,67 18,00 j 72,85



4 Mg-2Sr 33,20 8,05 5,81 5,83 11,25 64,14

5 WE43 26,00 10,00 7,69 1,25 18,00 \ 62,94

6 Mg-1Ca 32,72 8,57 8,46 8,75 4,33 j 62,83

7 Mg-1Sr 33,60 9,23 5,77 2,25 11,25 j 62,10

8 Mg-1Si 35,32 10,00 7,62 2,08 1,80 56,82

9 Mg-1Zn-1Ca 30,00 10,00 4,62 5,00 4,50 54,12

10 ZK61 32,00 3,93 7,50 2,92 0,35 46,70

[00250] Generally, in decision making the intuition is more common than numerical approaches.

However, in biomaterials selection, in which there are numerous life-involving criteria, a more precise

methodology would be required. When selecting materials, a large number of factors should be taken into

account. During the design process, mechanical properties are of primary concern. However, in the

biomaterials selection process one of the most important properties usually implicates corrosion rate and

human body tolerance.

[00251] From the viewpoint of the corrosion mechanism, mechanical properties and cytotoxicity, this

example summarizes the behavior of the most used alloys based on a survey of work accomplished over a

period of the last 10 years. The ranking according to the performance index of the alloys is presented in

Table 15. It can be observed that the materials with the best performance index are Mg-1Zn-Mn and AZ31

alloys. The Mg-1Zn-Mn alloy is on the first place, in spite of its mechanical properties which are different

from those of human bone. This is due to the inclusion in calculations of the cytotoxicity and corrosion

resistance, which are higher than in other alloys. The importance of those properties is accentuated by the

pondering factor value, which have in this case the greatest value.

[00252] AZ31 alloy is on the second place according to the performance index. The AZ31 cytotoxicity

and corrosion behavior are appropriate for bone implant and its mechanical properties are close to those of

human bone. Moreover, the maximum allowed dose of the elements, listed in Table 10, shows a

permissible amount of Al and Zn in the human body higher than that of the commonly used element Ti.

Therefore, this is the alloy chosen as the most suitable for the aim of this work. Hence, it is recommended

that Mg-AI alloy systems be used as experimental alloys to investigate the improvements of processing and

surface modification technologies. A lot of data from long term toxic effects of A l are available today (see

[173] for a review).

A perspective of alloy design

[00253] The biological implications of alloying elements included in Mg bulk material as well as the

improvement on corrosion, biological behavior and mechanical properties have been described. The

research efforts during the last ten years have positively charted both mechanical and material properties.

Mg-based alloys show a tendency for biocompatibility, thus, new biomaterials may be developed.



[00254] Mn is an essential mineral which plays a main role in the stimulation of multiple enzymes [174].

Mn is also predominantly used to enhance ductility and can be adopted to control the corrosion of Mg alloys

given to the detrimental effect of Fe on the corrosion behavior [ 132]. As described in Table 7 the optimum

content of Zn in Mg alloys may be at least 5% and small quantities of Mn could enhance the corrosion

resistance of Mg alloys. Taking into account the aforementioned considerations, Mn and Zn, which have no

toxicity, may successfully improve the corrosion resistance and mechanical properties of Mg-based alloys.

Synthesis and properties of Mg-based porous materials

Introduction

[00255] Bone morphology is composed by porous structures which create a natural environment with

50-90% porosity [33], and pore sizes of around 1000 m in diameter, these structures are known as

trabecular bone [ 175]. Cortical bone is surrounding trabecular bone, and is a solid structure with a series of

voids (e. g . haversian canals), with a cross-sectional area of 2500-1 2,000 pm2 resulting in 3-1 2% porosity

[ 176]. As described in section 2.3, bone is at continuous state of remodeling with osteoblasts producing and

mineralizing new tissue, osteoclasts resorbing it, and osteocytes supporting the created matrix [37],

[00256] Porosity is well-known as the percentage of air space in a solid [ 177]. Pores are essential for

bone tissue healing because they allow migration and proliferation of cells, and vascularization, as well as

nutrients interchange. Also, a porous surface improves the mechanical connecting between the implant and

the host bone, providing greater mechanical stability and compatibility with this interface [96], Pore size and

porosity for bone application were reviewed in the section 2.5 in the context of mechanical properties and

type of bone formation .

[00257] Highly porous foams, completely communicated, are desired for the material configuration

proposed in this thesis. The minimum pore size necessary to regenerate mineralized bone is considered to

be 100 pm [33], [ 105]. Some authors [33], [ 07] recommended pore size >300 m for enhancing

osteogenesis. Furthermore, as outlined above, the trabecular bone pore size of around 1000 pm. Hence,

the pore size range considered in this thesis as the best for mimicking trabecular bone and reinforcing bone

ingrowth is between 300 m and 1200 pm. Similar arguments are the reasoning for the porosity value

selection: 50-90% is the approximate trabecular bone porosity, however, around 50-80% porosity is wanted

in this work due to >90% porosities could compromise the mechanical and structural integrity of the implant

before degradation and substitution by newly formed bone [33].

[00258] Van Bael et al. [ 1 78] designed six distinct unit cells in three different pore shapes (triangular,

hexagonal, and rectangular) to obtain the best pores geometry for a bone scaffold. The results showed a

circular cell growth pattern which was independent of the pore shape. Therefore, pore size but not pore

shape was found to significantly influence cells behavior. Nevertheless, Nguyen [44] performed a finite



element analysis with square shapes and found stress concentration at the corners of the pores. Therefore,

ellipsoidal shape was chosen to avoid corners and stress concentration in the implant pores.

[00259] The architectural bone scaffold parameters determine the biological outcome [103], [178].

Hence, the fabrication route and characterization of a foam for osteoconduction that mimics bone

morphology and structure are described. The selected parameters are shown in FIG. 22 It was necessary

to adapt a method for optimizing the casting process described herein. The results are expected to provide

useful information for further studies on the development of Mg-based foams and their applications in the

field of bone implant.

Experimental methods

Fabrication of Mg-based foams

[00260] The Mg-based foams fabrication assays were performed in Universidad Pontificia Bolivariana,

Laboratorio de sintesis y procesos especiales, Medellin, Colombia. The method for obtaining the Mg-based

foams was infiltration casting because of its replication capability. The starting material was an ingot of

commercially available AZ31 Mg-based alloy. Then, foams were manufactured using a preform of salt

particles sieved and separated in two average sizes, 500 µ ι and 1200 µ ι .

[00261] NaCI particles were dried and deposited into a refractory and the metal pieces were placed

over the salt preform. Mg was protected from oxidation by using salt fluxes. At that time the crucible was

sealed and the temperature was slowly increased from room temperature to around 680°C. Then, it was

maintained during the whole process. No protective atmosphere was used.

[00262] As soon as Mg was completely molten, a vacuum was applied to create a negative pressure

inside the chamber and this pressure was held for a short period, During this step, the liquid Mg was stirred

occasionally to remove any corrosion layer that usually interfered with the melting process, Then, the

system was cooled down at room temperature until the solidification of Mg/NaCI composite ended. The

structure obtained was cut in several cylindrical samples that were leached by dissolution of the salt in

water in order to reveal the open cells and the interconnected network of metal matrixes,

[00263] A total of eight assays were performed in order to assess control over the fluidity of the molten

alloy, For the purpose of discussion EMg1-EMg8 nomenclature will be used. The process variables

expected as metal fluidity and pore structure definers (melting temperature, salt grains size, and melting

time), were mixed to have the best combination of the process variables. The values used in the eight

different assays are shown in FIG. 23.

Morphology evaluation

[00264] The metal foam samples in this study were initially evaluated by stereo-microscope and pores

of 500 and 1100 µ ι were estimated. Because of the small pore size a fairly high spatial resolution was

required, leading to the use of X-ray µ Τ , The CT software and MIMICS software were then used to create



3D volumetric renderings by reconstructing the CT slices (radiographs). The X-ray power was set to the

maximum of 8 Watts and 60 keV. This experiments were performed at the University of lllinois-Urbana

Champaign, Beckman Institute for Advanced Science and Technology, Champaign, IL, USA.

[00265] The porosity percentage in gray scale was estimated from X-ray CT slides by converting the

original slide to a binary image and obtaining a numerical calculation of the area covered by pores vs. the

area occupied by material, ImageJ software was used for this purpose (FIG. 28), This analysis was

repeated three times for each image and 10 slides were evaluated in order to ensure accurate data,

[00266] The surface roughness was evaluated and the approximate roughness was determined based

on the profile lines of the surfaces on the porous structures in the 2D cross-sectional SEM images, These

profile lines were obtained using an in-house developed MatLab tool, and were then used to calculate Ra

and S roughness parameters [179], as shown in FIG. 24. In FIG. 25 the plot in the right displays the

process of the profile line extraction.

[00267] Irregular samples were cut directly from two Mg-based foams. For the purpose of discussion,

the following nomenclature will be used:

EMg6a - EMg6d: Mg-based foam with 500 µ η pore size.

EMg2a - EMg2d: Mg-based foam with 1000 µ ι pore size.

[00268] The chemical composition was assessed by EPA test methods for evaluating solid waste with

the techniques listed in Table 16 and Table 17, in Universidad Pontificia Bolivariana, Laboratorio

Ambiental, Medellin, Colombia,

[00269] The crystalline phase of the samples was studied by X-ray diffraction (XRD) with a Cu Ka

source at the University of lllinois-Urbana Champaign, Materials Research Laboratory, Champaign, IL,

USA,

Compression test

[00270] The density of the foam was calculated based on the weight and the dimension, according to

Equation 5, where M represents the mass of the foam and V represents de volume by approximating the

foam to a cylinder.

(Eqn 5)

[00271] Uniaxial compression tests were carried out in a universal testing machine at a crosshead

speed of 2 mm/min. The specimens for the compression test were cut to 2.5 mm in diameter and 2 mm in

height.

Results

Infiltration Casting



[00272] In the terms of the alloy's fluidity and the alloy ability to infiltrate the mould, three different

behaviors were observed among the obtained foams (FIG. 26): I) no infiltration into the salt mold, II)

acceptable foam with bulks of salt without infiltration, II) correct Mg infiltration into the salt.

[00273] The manufacturing parameters are shown in FIG. 23. There, the combinations of the variables

that yield foams for bone replacement were marked by a dotted line. According to this, the most suitable

parameters are a melting temperature of 670 °C and melting time of 60 mins for infiltrating 500 m salt

preform, and 680 °C and 100 min for infiltrating 1200 µ ι salt preform. Since that, E g2 and EMg6 were

selected as the sample foams for the remaining parts of this thesis.

Morphology evaluation

[00274] Corresponding stereo micrographs of the obtained open cell Mg foams are shown in FIG. 27.

Pores of 500 m and 1100 were initially estimated by this technique. In these images, it can be

observed that both samples show open cell structures with interconnected pores.

[00275] X-ray CT provides an overview of the internal structure instead of only the surface as shown

in the SEM images. Since the metal foam samples were Mg-based alloy, the images obtained presented

high contrast between the metal (1.77 g/cm 3) and the air (0.00119 g/cm3) . FIG. 28 shows a 2D slice from X-

ray CT in the dimension scale of 500 µ ι . The dark gray sections are pores, while the bright gray

represents solid, most of which is Mg according to the X-ray diffraction (XRD) analysis (FIG. 35 and FIG.

36).

[00276] The boundary of the pores is more linear than curvy, and roughness values were obtained as

Sm = 27.16 µ ι and Ra = 14.5 µ η for EMg2, and Sm = 13.36 µ η and Ra = 14.5 µ ι for EMg6, which are

characteristic of the shape of salt preform and also agree with assumed ellipsoidal shape in the pores. The

intraparticle pores, with diameters of less than 500 µ ι , were developed and most of them are

interconnected as shown in 3D representation, FIG. 29. The volume data is processed to study in detail the

interior structure. A representative volume with physical dimensions of 4.21 mm><4.82 mmxO.212 mm, was

selected from the volume data (FIG. 29).

[00277] In CT practice, the proper grayscale value for defining a boundary between two phases is the

average of their two mean end-member grayscales [134]. Therefore, the threshold gray scale was set as

150 for Mg and MgO area. With this threshold, binary images based on the segmentation of the pores were

applied to estimate the porosity (FIG. 28). From FIG. 29 it can be seen that the highest porosity

contribution for this material is in elongate pores followed by intermediate pores. Average porosities were

determined as 87.19% for EMg2, and 7 1 .35% for EMg6, using ImageJ.

[00278] The two foam samples fabricated from the same ingot have similar porosity structures with

different pore size, showing nearly isotropic characteristics in the surface, FIG. 30, The foams were

discovered to contain mainly two types of pores (FIGS. 3 1 and 32): the macropores (white line) acquired as



a result of the dissolution of salt grains and the small pores (cyan line) derivate from the interparticle

contacts. The small pores (~ 210 µ ι for EMg6 and -435 µ ι for EMg2) are usually distributed on the cell

center, generating the connection tunnels that made the foams present very high open porosity (71.35%

and 87.19%). The cell wall thickness (red arrow) was in the range of 90 µ ι and the cell edge (green row)

has non-uniformity in dimension.

[00279] The size of the macropores, ~ 497 m for EMg6 and -1300 µιη for EMg2, was mainly

determined by the infiltration pressure, the salt particle dimensions and the casting temperature when the

density of Mg is constant. Thus, it could be deduced that the infiltration parameters play a role on the

connectivity of Mg foams, which would also provide great flexibility for the structural design of ellipsoidal

pores Mg-based foams.

Chemical Evaluation

[00280] EPA test methods for evaluating solid waste were used to investigate the levels of Al, Ca, Mg,

K, and Zn extracted from EMg2 and EMg6. A summary of the applied methods and the results obtained is

shown in Table 6 and Table 17.

[00281] In both cases, the levels for all metals were hierarchized as follows: Mg»AI>Zn»Ca> K . The

metal concentration levels in EMg2 and EMg6 are shown in FIG. 33. The results reveal only minor

discrepancies between porous samples composition and AZ31 alloy composition [181], except for the

apparition of a small K trace in the EMg2 and EMg6 samples.

[00282] Table 16 - EPA test methods for EMg2

Analysis Method Units Results Uncertainty

Al-Residue i EPA-1620 \ mg A I/Kg(BS) i 20934.015 372.629

EPA-3050 B

EPA- 7020

Ca-Residue \ EPA-1620 j mg Ca/Kg(BS) j 100.443 2.009

EPA-3050 B

\ EPA- 7140

Mg-Residue i EPA-1620 mg Mg/Kg(BS) j 870284.103 17405.682

\ EPA-3050 B

EPA- 7450

K-Residue EPA-1620 j mg K/Kg(BS) j 4.930 0.099

EPA-3050 B

EPA- 7610

Zn-Residue ! EPA-1620 mg Zn/Kg(BS) j 10718.711 214.374

I EPA-3050 B

EPA- 7950

283] Table 17 - EPA test methods for EMg6

Analysis Method Units Results Uncertainty

Al-Residue EPA-1620 mg AI/KQ(BS) ! 16535.377 294.333



EPA-3050 B

EPA- 7020

Ca-Residue EPA-1620 mg Ca/Kg 432.579 \ 8.652

EPA-3050 B

EPA- 7140

Mg-Residue EPA-1620 mg Mg/Kg 794641.757 15892.835

EPA-3050 B

EPA- 7450

K-Residue EPA-1620 mg K/Kg 37.890 0.758

EPA-3050 B

EPA- 7610

Zn-Residue EPA-1620 mg Zn/Kg 7832.828 156.657

EPA-3050 B

EPA- 7950

[00284] The crystalline phase of surfaces and original material was studied by XRD. FIG. 34 shows the

XRD patterns of the original ingot. This material contains mainly two kinds of picks: Mg and MgO. No other

phases were identified within the sensitivity limits of XRD. Zn and Al elements might not be detected

because only small amounts of them are present on the alloy.

[00285] The peaks that appeared at 2Θ = 42.9°and 78.4°respectively, represent (2 0 0) and (2 2 2)

planes of the cubic MgO crystal structure.

[00286] FIG. 35 shows that the phase compositions of the Mg-based foams are very similar to the

original ingot, and same peaks of MgO can be identified. FIG. 36 shows a comparable XRD pattern.

However, MgO peaks were almost completely disappeared in samples EMg6a and EMg6b (FIGS. 36A and

36B). There is also a peak at 2Θ = 42.22°that turns up in samples EMg6c and EMg6d (FIGS. 36C and

36D), this peaks represent KCI, which was one of the salt fluxes used during the foams infiltration process.

[00287] In all the cases, original ingot and obtained foams, Mg peaks were shifted to lower 2Θ values

which could correspond to the dissolution of the larger Al and Zn atoms into the Mg matrix. Sometimes,

doping introduces a low amount of impurities or more generally point defects in a crystal [182].

Compression test

[00288] The effects of density and pore size on the mechanical properties of the Mg-based foams were

examined by compressive test, as shown in FIG. 37. The curves exhibit a quite long plateau with a nearly

constant stress level where the stress increases slowly as the cells deform plastically. This region ends at

strain as high as 65-75% for EMg6 and 80-85% for EMg2. Then, there is a densification stage where the

stress rapidly increases while the collapsed cells are compacted together.

[00289] The plateau regions are smooth, suggesting that foams are not brittle. This smooth plateau

reflects the compaction deformation mode. As the compression goes on, the foam compacts quickly,

therefore, it can be seen a point at 48% strain for EMg6 and 75% for EMg2 were the foams are compacted

and a change in the foams stiffness is noticeable. It can be seen that there is an inverse relationship



between the achieved porosity in the scaffolds and their mechanical response; the higher the porosity the

lower the mechanical properties found.

Discussion

[00290] Emerging casting technologies for g alloys were inspired by the Al foundry techniques. Al

casting processes were already developed, and successfully optimized [116], [117]. However, Mg-based

alloys have a lower density and volume heat capacity compared to Al-based alloys. Sintering of Mg-based

alloys is challenging because of the high affinity of Mg. Therefore, casting fillings are inherently difficult due

to low metallostatic pressure and rapid alloy solidification [183], Fluidity was considered a crucial casting

property because it defines the ability of metal to fill the mold cavities. Therefore, this property may be

improved by manipulating the casting parameters.

[00291] Fluidity was one of the important steps in the manufacturing process since a high fluidity level

or an extended holding time would result in an over-infiltrated NaCI template. Yim et al. [184] found an

increase of fluidity of AZ31 with an increase in temperature and melting time. Moreover, oxide films on the

melt surface can significantly raise the surface tension and viscosity of the molten metal and reduce its

ability to fill the mold [22], [183], [184]. Mechanical destruction was used to break down the oxide layers to

achieve the desired fluidity values to fill the salt cavities. Consequently, in this thesis a combination of high

temperature and large melting time, as in the case of EMg5 FIG. 23, resulted in an over-infiltrated foam.

While a combination of low temperature and low melting time, as in the case of EMg7, FIG. 23, resulted in

the apparition of the oxide layer and a non infiltrated foam.

[00292] The versatility provided by this technique allowed the fabrication of Mg-based implants with two

different pore sizes which can mimic the complex architecture of bone to optimize bone tissue regeneration.

The more suitable process parameters mainly depend on the alloy interaction with the salt, It can be seen in

FIGS. 31 and 32 that pores are rounded with a non-uniform and non-homogeneous distribution, and

centered largely in ~ 497 µ ι for EMg6 and ~ 1300 µιη for EMg2. The foams inherited the shape and the

cell sizes of the salt particles indicating that the morphology and sizes of the pores can be controlled by

selecting an appropriate salt preform. Furthermore, the internal surfaces of the pores are smooth and reflect

the surface quality of salt particles (FIG. 30).

[00293] The cover fluxes melted over the surface of the molten alloy formed a protective coating which

inhibits the molten metal from contacting ambient gases, Moreover, salt fluxes are suspected to attract and

wet impurities in the Mg melt, resulting in their subtraction [183]. Therefore, although there was no

protective atmosphere, chemical analysis suggests that no chemical reaction occurred during the infiltration

process, showing a very promising application prospect as biodegradable bone implant material. The

amount of MgO observed on the pore wall, was probably due to the surface oxidation of the foams stored at

room temperature and also oxidation occurred during salt grains dissolution.



[00294] AF is a measuring technique that can be applied to scan large areas for micro-scale

roughness of surfaces with a small curvature [185]. For our highly porous materials with small contact area

inside de porous, AFM can no longer measure the surface. Hence, the surface and pore morphology were

observed on a scanning electron microscopy (SEM). Very smooth surfaces lead to images with uniform

brightness levels, whereas rough surfaces have a variety of gray values. With this understanding, Banerjee

et al. recognized that analysis of the gray scale of the SEM images could represent a noncontact surface

indicator [186],

[00295] The real surface topography is so complicated that a finite number of parameters cannot

provide a full description. Although, an amplitude parameter (Ra) and a spacing parameter (Sm) [179] were

selected in order to have a better comparison with other authors' results. Anselme and Bigerelle [187]

evaluated the influence of the surface topography on cell adhesion, their results agree with the consensus

of Badenas [38], who attempted to determine a threshold in sensitivity on human adherent cells, which is

shown in FIG. 38.

[00296] They concluded that the cells need to perceive the microroughness for answering the stimulus.

Therefore, roughness values may be in the order of the cells size. The roughness values obtained in this

thesis were Sm=27.16 µι and Ra=14.52 µ ι for EMg2, and Sm=13.36 µ ι and Ra=6 µ ι for EMg6. These

values could correspond to the second behavior of the consensus shown in FIG. 38, when Ra > 2 µ ι and

Sm > 10 µηι and Sm < to the size of an osteoblast which is reported to be 20-30 µιη [188], According to

that, this surface could be considered by the cells as a smooth surface, and cells can be attached by focal

contacts and topography peaks. Thus, it could force the cells to assume a more osteoblast-like form.

[00297] The typical compressive stress-strain curve for metal scaffold with high porosity shows three

differentiated behaviors (FIG. 39) [189],[190]: Firstly, there is a linear-elastic region which is characterized

by an initial increase in stress. This initial high slope is associated with the stiffness of the porous samples.

Subsequently, due to the collapse of the pores, the flow stress no longer increases with strain and there

appears a wide stress plateau known as plateau or collapse region.

[00298] The compression curves obtained in this thesis began with the plateau region. These regions

are smooth, without the presence of serrations which are typically observed in other open-cell Mg-based

foams [23], [25]. This result suggests that foams are not brittle. The increase of plateau stresses is very

slow and the densification did not begin until about a strain of 65% or over was reached. This means that

the present Mg-based foam could be good in impact-absorption applications.

Conclusions

[00299] Described herein is the fabrication and characterization of Mg-based foams by infiltration

casting suitable for manufacturing Mg-based foams for bone tissue engineering, Foams with two different

porosities and pore sizes were obtained. For the infiltration process temperature and melting time have



been defined as being 680°C and 670°C and 100 mins and 60 mins for infiltrating 1200 µηι and 500 µηι

salt preform respectively. The precise selection depends on the pore size and porosity desired.

[00300] The result of the crystalline phase and chemical analysis further indicate a safe and biologically

inert process. This avoids the problem of toxic solvents or materials and hold significant promise for

biomedical application as bone interfacing implants. The foams also presented enough mechanical

properties to fulfill the required mechanical response of some scaffold materials, depending on the

porosities. The observed topography can be considered an advantage from a bone-implant interface point

of view as potential surface for cell adhesion, osteoblastic differentiation, and osteoconduction.

Surface modification of biodegradable porous Mg-based implant

Introduction

[00301] The first step in the process of designing a surface for a biological process is to define two

important terms: roughness in this thesis refers to patterns and structures that appear from the process of

manufacturing a material and to mechanical characteristics exhibiting randomness and polydispersity in

terms of size, shape and periodicity, as the roughness values described herein. While the term designed

surface will be used in topographies with a specific target.

[00302] In the case of designed surfaces, some authors have selected characteristics taking into

account a specific biological response, such as cell morphology, cytoskeleton organization, gene

expression, proliferation, and adhesion [192]— [194]. Once a particular type of cell, organism or biological

system is selected, this topography becomes a predefined system in which the geometry, size and

arrangement of features are adapted to elicit a specific response in the living target. When a surface is

designed for influencing a natural process the surface is called bio-inspired design[ ] . In this work, the

bio-inspired surface does not pretend to be a structural and dimensional copy of a natural form, but a

design adaptable to intentionally induce a biological response. The characteristics that define the activity of

a surface are listed in FIG. 40.

[00303] It is also important to introduce and identify the scope of the terms attachment and adhesion.

The first one in the English literature refers to the number of cells that bind to the surface in the first hours.

While the second one is used to incorporate the idea of the strength of the bond between cells and

substrate [38]. In this example, the terms adhesion or attachment will be used as the measure of the

number of cells adhered to the surface.

[00304] Mg-bone and bone tissue interaction is dynamic (i.e. bio-resorbable), as opposed to that of T i

alloys and stainless steels devices, Nevertheless, Mg and its alloys are highly reactive materials and exhibit

extremely low corrosion resistance in surroundings containing chloride; that restricts their applications

especially in the physiological environment and obstructs their extensive use in orthopedic applications

[196], [197], The corrosion dynamics is certainly complex and it has been established that the degradation



rate is too large, particularly in the early stage [124]. As a result of their poor anticorrosive properties, Mg

alloy implants cannot enhance the cell response to bone formation around the implant or successfully

integrate with the host tissue, mainly at the initial implantation [16]. Consequently, in order to have enough

interaction between Mg implant and tissue, Mg-based foams should be designed in a way to control the

surface degradation.

[00305] Furthermore, Mg dissolution results in emission of hydrogen and basification, which means, an

increased pH in the implantation zone. When the OH- concentration neighboring the surface increases to a

certain extent, Mg or Ca containing phosphates precipitate and form an external layer on the surface [124],

[198], Hence, the corrosion process will alter the interface between the Mg-based biomaterials and the

environment. Commonly, the surface morphology, topology, and composition, which play roles in the

efficacy of artificial implants, can alter protein absorption which mediates adhesion of cells [195], [199]. The

interactions between biological environments and biomaterials take place on the material surface, and the

biological response from living tissues to these biomaterials depends on the surface characteristics [200].

[00306] Significant effort has been applied to developing methods for preventing fast Mg degradation in

vitro and in vivo [139], [152], [201]. Addition of alloying elements is one of the first approaches. For

instance, Zn improves the alloy mechanical conditions due to solid solution strengthening. It can also

improve the castability but in larger amounts (>2 wt. %) Zn leads to an embrittlement of the material [19],

[65], Descriptions of the effects of alloy elements on the Mg corrosion behavior are listed in Table 7 .

[00307] Since alloying has not proven to be sufficient to overcome the issues stated above [19], [202],

surface modification of Mg by chemical, and physical means, and a combination of both has been used for

treating it. Wu et al. [124], wrote a review describing surface design and potential methods for surface

modification of Mg alloys. Since then, techniques such as electrochemical deposition [203]-[205], plasma

electrolytic oxidation [206], [207], non-substrate-involving coatings as physical vapor deposition[208]-[210],

ion implantation [211 ]—[2 3], and polymer [92], [214] and composite-based coatings [2 5]—[217] have been

investigated.

[00308] However, in the case of Mg-based foams, the purpose of the surface design is to alter but not

to change the overall bulk material structure and properties. Moreover, the surface thickness and density

factors influence the anticorrosion performance [218]. Nevertheless, the benefit obtained with the

lightweight properties of Mg-based foams could be lost if the surface is modified and increased in its

thickness and density. Thus, it is important to develop a modification method to improve the corrosion

resistance, while maintaining the lightweight properties of Mg-based foams. Surface modification may

provide a means to selectively enhance anticorrosion property and cellular response without affecting the

required bulk attributes of Mg and its alloys, In this respect, surface modification to form a hard,



biocompatible and corrosion resistant modified substrate has recently become a focus for research and

development of Mg-based biomaterials [124], [219].

[00309] Recently, various methods have been explored to engineer hydrophobic surfaces on Mg-based

materials [220]— [224]. Generally, the way to fabricate a hydrophobic surface implicates two steps:

roughening a surface and lowering its energy. In the current state of this review, only one modification

technique to improve corrosion resistance of porous Mg-based alloys on biomimetic calcium phosphate

coating has been found [44], As a result, it did not perform as good as when applying roughness on Mg

surfaces. Meanwhile, surface roughness has an effect on adhesion, proliferation, differentiation, and protein

synthesis of osteoblast cells [225],

[00310] Hydrophobic surfaces can prevent contact of Mg-based materials with water in order to reduce

the prolongation of corrosion, especially in a humid environment [226]. An increase in proliferation and

adhesion, with an increase in surface roughness, can occur as well [195], [227]— [229]. Therefore, the

fabrication of hydrophobic surfaces on the Mg-based foam is considered to improve its corrosion resistance.

An effective method to decrease the progress of corrosion is to fabricate a water-repellent surface to

prevent the infiltration of water into porous Mg-based substrate. A hydrophobic substrate would inhibit the

contact between the surface and water and environmental humidity, while an increase in surface roughness

can enhance adhesion and proliferation of cells. A modification route intended to create a hydrophobic

surface modified by low-energy irradiation is described herein as a promising method to improve the

performance of porous Mg-based materials corrosion, because it could inhibit the contact of the Mg surface

with water, cell secretions and environmental humidity without changing definitely the bulk properties of Mg-

based foams.

Experimental methods

Samples preparation

[00311] Irregular samples were cut directly from two Mg-based foams. For the purpose of discussion,

the following nomenclature will be used:

EMg6: Mg-based foam with 500 µ η pore size.

EMg2: Mg-based foam with 1000 µ ι pore size.

Irradiation

[00312] Samples were exposed to a low-energy Ar+ irradiation with two different ion energy values. The

energy values selection process is described below. Then, samples were stored and labeled with the ion

energy conditions to which they were exposed. These conditions are shown in Table 18,

[00313] Table 18 - Irradiation Conditions

Samples \ Conditions



i Working pressure Gas pressure \ Energy Current Time

[Torr ] [Torr] [eV] [mA] [mins]

EMg6a 5x1 0 -7 5 x 1 600 9 8

E g6b 8.2x 10 -7 5.4X10-4 400 10 5

EMg2a 5x1 0 -7 5 x 10-4 600 9 5

EMg2b 8.2x 10 -7 5.4x1 0-4 400 10 5

[00314] From XRD patterns EMg2a, EMg2c, EMg6a and EMg6b samples (FIGS. 35b, 36a, and 37c,

respectively) were selected for exposition to a low-energy Ar+ irradiation. The ion energy values were

identified from the literature [230]— [234] taking into account the incidence of low energy Ar+ irradiation in

MgO surfaces roughness, considering the constant presence of MgO in the samples surface, and the

roughness influence in corrosion and biological behavior of materials [235],

[00315] In the literature cases [230], [233], [236], the roughness root mean square (RMS) increases at

first, reaches maximum and then, decreases in a relatively higher energy region. The RMS value reaches

maximum at about 400 eV to 500 eV instead of increasing with the ion energy. It keeps increasing before

400 eV, decreases after 600 eV to 750 eV and later drops to almost 0 . Hence, the roughness maximum will

be found between the regions of 400 eV to 700 eV. A summary of the low energy irradiation effect on the

MgO surface roughness is shown in FIG. 4 1 .

[00316] Since MgO surfaces roughening capability showed to be dependent on ion energy in the

region from 200 eV through 750 eV, the discussion of the authors [231], [233], [236], [237] about the

variation of secondary electron emission coefficient (γ) was reviewed in order to understand the behavior of

the surface morphology. Summarizing, the surface roughness is a relevant factor which intensely influenced

the Y value, in (111 )-oriented surfaces the γ increased as the surface became smooth. The crystal

orientation strongly affects the γ value. Kim et al. [237] described that a ( 111)-oriented surface had a higher

Y than films with (200) or (220)-orientation (the planes that emerged in XRD patterns, FIGS. 34-36), For

(200)-oriented films with low γ, the γ value became highest when the ion energy was between 350 eV and

500 eV. At that moment, the γ decreased as the energy increased and surface became smooth [234],

Therefore, the ion energy values chosen for samples irradiation were 400 eV and 600 eV.

[00317] Once ion energy values were defined, foams were fixed on a target holder, and the ion beam

was directed onto the foam. In these experiments, the ion energy was varied while the other parameters

were kept as constant as possible. The irradiation conditions were summarized in Table 19. There was no

control over the incidence angle because of the random porous structure.

Corrosion test

[00318] The irradiated and non-irradiated specimens were cut to the dimensions of approximately

7 mm 7 mm x 10 mm to evaluate the corrosion rate by the immersion corrosion test method. The corrosion



test specimens were cut from the top of samples exposed to guarantee that they were irradiated. Then, the

specimens were washed with distilled water, 70% ethanol and dried by vacuum.

[00319] The predominant factors that have a greater influence on the corrosion behavior of Mg-based

alloy were identified from the literature [238]—[24 ] . As the range of individual factor was wide, a two-factor,

three-level factorial design matrix was selected with one replication and blocks between the replications to

differentiate the samples by the pores size. This design implies 18 runs for a quantitative evaluation of the

influence of ion energy (E) on biological and corrosion behavior of the Mg-based foams and how the effect

of the E varies with the level of corrosive medium exposition time (T). Hence, the response variables were

Weight Loss and pH. Table 19 represents the range of factors considered and Table 20 shows the 18 sets

of values used to conduct the experiments. The method of designing such a matrix is dealt with elsewhere

[242].

[00320] The 18 experiments were carried out in random order. The more freely experimental runs are

randomized, the less extraneous factors possibly affect the results. Minitab statistical software, version 16,

was used to analyze the significance of the effects of the factors via Analysis of Variance (ANOVA). The

ANOVA was used to find the significant main and interaction factors. The significance of all terms in the

linear relationship will be judged statistically by computing the F-value at a probability (P) < 0.05.

[00321] Table 19 - Corrosion test factors and their levels

No j Factor Notation 1Ini Levels
unit A B c

1 Energy E eV 0 400 600

2 Exposure time T Hours 24 48 96

322] Table 20 - Corrosion test design matrix



[00323] Solution of Medium 231 and SMGS, which has an ionic composition and concentration similar

to that of human environment, was prepared. The pH value of the solution was maintained at pH9 with

concentrated HCI. The test method consists of immersing the specimens in a 24-well flat-bottomed cell

culture plate filled with culture Medium 231 and SMGS at 37°C temperature and 5% CO2. The distribution

of the samples in the plate is shown in FIG. 42. The pH value was measured using pH Test Strips. Strips

were immersed fully in the medium with the sample and left for a minimum of 3 minutes (and until there was

no further color change) before reading.

[00324] The corrosion rate of the alloy specimen was estimated by weight loss measurement as

described by [238], The original weight (wO) of each sample was recorded and the specimen was then

immersed in the solution. The immersed samples were taken out after 24h, 48h and 96h. The morphology

and composition of the corrosion products layer adhered to the surface were assessed by optical

microscopy. For the testing, the corrosion products were removed by submerging the specimens for two

minutes in hydrochloric acid. Finally, samples were gently rinsed with flowing distilled water and 70%

ethanol for a few seconds, dried at room temperature to avoid cracking and weighed again to obtain the

final weight (w1). The weight loss (w) was measured using the following relation w = (wo - w1).

Viability test

Liquid extract of the material

[00325] The experiments were performed following ISO 10993-5:2009 [167] for biological evaluation of

medical devices. Samples were sterilized by steam in an autoclave (3 cycles of 15 minutes at 121 °C). The

extraction vehicle was culture Medium 231 with serum because of its ability to support cellular growth as

well as extract both polar and non-polar substances [167]. The extraction was performed in a sterile,

chemically inert and closed container. The conditions of the extraction were 24 ± 2 h at 37 ± 1°C.

Thereafter, dilutions of the series of the extracts were made from the original extract by using Medium 231

as a diluent. Finally, 75%, 50%, 25% concentrated dilutions were obtained, and the Medium 231 without

extract was used as a control.

[00326] Cells were subcultured twice before using them in the Mg experiments. Then, they were

seeded at 4x104 cells/cm 2, and grown for 48 ± 2 h in air with CO2 at 37± 1°C. Each individual experiment

was carried out in triplicate wells in a 24-well flat-bottomed cell culture plate, the distribution of the liquid

extracts of material in the plate is shown in FIG. 43. After 48 h, cells were harvested and the number of

viable cells was estimated by trypan blue exclusion test, as described by [243]. Cells were washed three



times with phosphate buffered saline (PBS) and exposed to trypan blue (0.25% in PBS). The results of the

three individual experiments gave rise to the means and standard errors in each graph. The results were

expressed as a percentage of untreated control.

Direct contact test

[00327] Samples were also sterilized by steam in an autoclave (3 cycles of 15 minutes at 121 °C).

Then, they were soaked with culture medium prior to the testing and the cells were subcultured twice before

use. Irradiated and non-irradiated samples were disposed in 24-well flat-bottomed cell culture plates. The

distribution of the samples in the plate is shown in FIG. 44, Cells were seeded at 4 104 cells/cm2 in each

well and incubated for two days to allow cell attachment on the surface of the samples. Cells were placed in

standard cell culture conditions (i. e., a humidified, 5% CO2, 95% air environment and 37°C). After

incubation in a humid atmosphere for 48 h, cells were fixed in PBS containing 3% formaldehyde and 0.2%

glutaraldehyde. Substrates were rinsed with PBS to remove any non-adherent cells. The remaining cells

morphology and adhesion location on the foams were examined by low voltage SEM at an acceleration

voltage of 10 kV. Three random fields per substrate were counted.

Results

Corrosion test

[00328] The corrosion experiments were designed to investigate the effects of two variable factors on

two measured responses. The variable factors were ion energy (E) and exposition time (T). The E levels

were selected as described above and T levels, which represent the times that the sample was exposed to

a corrosive environment, were selected in a periodic order. Therefore, a 3x2 full factorial design of two

factors with three levels was adopted here to determine which factors have significant effects on a response

as well as how the effect of the E varies with the level of corrosive medium exposition time T , The Analysis

of Variance (ANOVA) technique was used to find the significant main and interaction factors.

[00329] The effects of these factors and their interactions were measured by performing 18

experiments, the responses values for each condition are given in Table 19. Afterward, Table 2 1 shows the

ANOVA results for Weight Loss and Table 22 is the ANOVA obtained for pH. The P-values for the effects of

individual factors and their interaction are listed. For the significant level of 5%, the P values of <0.05

indicate a statistically significant and P < 0.001 a statistically highly significant one. Hence, Table 2 1 shows

that E has a highly significant effect over the Weight Loss and there is only a 0.00% chance that this could

occur due to noise. T and the interaction of T and E also have significant effect on Weight Loss. In Table

22, E and T can be seen as significant factors for pH although there is not interaction between T and E . In

both cases, Pores Size shows P values of > 0.05 which means that the pores size does not have significant

influence on Weight Loss and pH.



[00330] A main effects plot graphs the mean response for each factor level connected by a line.

Therefore, main effects plots were used for examining the differences between level means for E . There is

a main effect when different levels of a factor affect the response differently. E main effects on Weight Loss

and pH were plotted in FIG. 45. It is evident that the 400 eV ion energy drastically reduces the Weight Loss

while keeping the pH in a high level. 600 eV ion energy also has an effect on the reduction of Weight Loss

but it is not as significant as the effect of 400 eV.

[00331] Table 2 1 - ANOVATest results for weight loss

Source DOF SC src. F P
i Pores Size 1 0.32 4.34 i 0.071

T 2 1.90 12.90 =0.003

E 2 6.04 40.95 i o.ooo

Τ 4 1.57 5.31 0.022

i Error 8 0.59

Total 17 10,42

Std, dev. 0.27

i R-squared 94.34%

Adj. R-squared 87.97%

DOF. Degrees of freedom, SC src. Sum of squares.

[00332] Table 22 - ANOVA test results for pH

Source DOF SC src. F P

Pores size 1 0.056 0.31 0.594

T 2 11.11 30.77 \ o.ooo

E 2 2.19 6.08 0.025

Τ 4 0.81 1.12 0.413

\ Error 8 1.44

\ Total 17 15.61

Std, dev. 0.424

R-squared 90.75%

Adj. R-squared 80.34%

DOF. Degrees of freedom, SC src. Sum of squares.

[00333] The interaction plots (FIG. 46) show the relation between E and T. As it was expected,

irradiation has been used to enhance the corrosive performance of the samples in the time. From this

figure, the following points can be inferred: The pH value has an inversely proportional relationship with

Weight Loss, if the pH value stays in a high level, Weight Loss decreases. However, Weight Loss

decreases slightly with the increase in exposure time (T). It possibly resulted from the increase in hydrogen

evolution because of acidification of the medium with an increase in exposure time. This behavior could be

attributed to the corrosion occurring over an increasing fraction of the surface and, consequently, the



emergence of insoluble corrosion products on the surface of the alloy that could slow down the corrosion

rate.

[00334] Particularly, for 400 eV ion energy, in FIG. 46, it can be seen that Weight Loss decrease with

the increase in exposure time. For 600 eV ion energy the behavior was similar in the first 24 hours.

Nevertheless, the increase in exposure time enhanced the tendency of the samples irradiated with 400 eV

to form bigger corrosion products, which accumulated over the surface of the samples. FIG. 47, is an optical

image of the corrosion products after 96 h of exposition. The microscope images reveal the presence of

individual small assemblies in the samples irradiated with 400 eV. These corrosion products could depress

the Weight Loss due to the passivation in the medium immersion.

[00335] The presence of corrosion products was also assessed with SE . The assemblies were

typically around 150 µιη to 900 in size. The flower-like features grew in size and started to merge with

immediate neighbors. An enlarged view of the flower-like assemblies is presented in FIG. 48. FIG. 49

presents a detailed end view of the individual pieces showing their panel-like structure. Usually, at the end

of a 96 h immersion period substrates were completely covered with this large flower-like features.

[00336] A contour plot was graphed to explore the potential relationship between ion Energy and

Weight Loss during the Exposition Time. It is a useful tool to find a region with the desired properties within

the studied level range of the variable factors. In FIG. 50, it can be clearly observed that different patterns of

responses are generated by the factors in the studied region. An interesting energy region has been found

where the values are around 275 eV to 575 eV. These values show less Weight Loss for all the immersion

times. Therefore, more experiments need to be performed with points selected from this energy region in

order to obtain a more accurately control of the irradiation effect on the Mg-based foam surfaces.

[00337] The degradation rate was calculated as the slope of the line resulting from the linear regression

between Weight Loss and Exposition Time, and it was expressed as [mg/h]. The results are listed in FIG.

51.

Viability test

Liquid extract of the material

[00338] Cytotoxic action of the corrosion product of the alloy has been evaluated and expressed as the

proportion of viable cells compared with untreated control cultures. Incubation with the extract of Mg-based

material affected viability even at the lowest dose used. Similar proportionality between cytotoxic action of

the extracts and their concentrations is evident. FIG. 52 shows that Mg-based extracts have less than 27%

cytotoxicity against the cells. According to ISO 10993 5:2009 [167], there are cytotoxic effects when the

reduction in cells viability is more than 30%.

Direct contact test



[00339] Biocompatibility of Mg-based alloy as porous material was assessed by using an adherent cell

culture to determine the cell responses on the surfaces. The remaining cells morphology and adhesion

location on the foams were examined by low voltage SEM. Three random regions per substrate, with

dimensions of 120 µ ι x 90 µ ι ι , were counted. The results are showed in Table 23.

[00340] Table 23 - Number of cells counted by surface type.

Sample \ Cells i

No-irradiated 36

400 eV 110 i

600 eV 16 \

[00341] These results indicate that the number of cells attached to a 400 eV irradiated surface is

around seven times bigger than on a 600 eV surface and around three times bigger than on a non-

irradiated surface. FIG. 53 shows representative images of the 120 m x 90 µ ι region for each surface

type. FIG. 54A, which corresponds to a 400 eV surface, shows that numerous cells were well attached but

non-uniformly distributed on the surface. Cells were attached closely together (FIG. 54B), showing good

interaction between them and corrosion products (FIG. 54C) formed on the surface.

Discussion

[00342] Ion irradiation is a process by which ions of a material are accelerated in an electrical field and

impacted onto another solid [244]. Low energy irradiation often results in pronounced modification of the

near surface of a solid, a wide range of physical and chemical phenomena is associated with the interaction

of low-energy ions with surfaces [245], Therefore, electron or ion beams may be used to tailor the structure

and properties of a substrate. The irradiation of a solid by particles leads to introduce disorder, and low

energy ion beam irradiation can lead to the formation of structures on the surfaces of metals.

[00343] The type of effect created on the surface depends on incident ion energy, angle, current, and

fluence [246]. Very low-energy range appears to have important implications, surface displacements can

occur without concurrent production of bulk defects. At the very surface, ion irradiation may alter the

composition. It defines defects at the surface, backscattering of incident particles, emission of electrons and

photons, and ejection of target atoms and molecules (sputtering) may take place. These processes may

cause extensive displacement cascades and point defects [247].

[00344] Mg-based scaffolds for bone tissue engineering were fabricated [22], [24], [25], [79], [119],

[248]. In the early stage of the investigation on porous devices based on Mg alloys, the main objective is to

develop manufacturing processes to create sponge-like architectures, controlled microstructures, and

understanding the resulting mechanical behavior. At present state of this review few surface modifications

of porous Mg have been found. Nguyen [44], applied a biomimetic calcium phosphate (CaP) coating system



on porous samples to improve the corrosion resistance. Thirumalaikumarasamy et al. [238] reported a three

factors, five level, design matrix that was used to evaluate the corrosion behavior of solid AZ31 Mg-based

alloy. Both assays were performed in NaCI solution and corrosion resistance was assessed by mass loss

measurement.

[00345] Also, Yazdimamaghani et al. [248] applied biocompatible polymeric layer reinforced with a

bioactive ceramic made of polycaprolactone (PCL) and bioactive glass (BG) on the surface of Mg scaffolds.

Their results showed noticeable improvement in corrosion resistance compared with the uncoated samples.

Nevertheless, the surface modification proposed may provide enhanced anticorrosion property and cellular

response without affecting the light weight and bulk attributes of the device.

[00346] The in vitro corrosion test protocols adopted in aforementioned studies were relatively basic,

making it difficult to interpret the results in relation to degradation profiles for biomedical applications. The

influence of culture medium ions on the Mg corrosion has been assessed. Yamamoto and Hiromoto [249]

performed immersion tests of pure Mg into NaCI, Earle (+), E-MEM+FBS to examine the effects of inorganic

salts and organic compounds on the degradation of Mg. They found a surface layer formed during the

immersion dependent on the kind of the fluid, this layer controls the degradation of Mg. Thus, the use of a

solution such as E-MEM+FBS, having the similar composition to blood plasma, is mandatory for in vitro

estimation of the Mg degradation rate inside the human body. Also, Yunchang et al. [8] established that

phosphate ions induce rapid surface passivation due to precipitation of Mg carbonate, which totally

suppresses pitting corrosion. These results are in agreement with the results of other authors [250], [251],

[00347] Regarding the suitability of applying in vitro corrosion testing results in biomedical applications,

Culture Medium 231 and SMGS, which has an ionic composition and concentration similar to that of human

environment [252], at a constant temperature (37 °C) and pH9, was maintained in the current study to

mimic the in vivo environment. Some studies have found that corrosion increases with the increase in

temperature [253], and the effect of the pH in the corrosion rate has been well established [238], [254].

[00348] Some studies [255]-[257] indicate that the corrosion rate of the Mg alloy can be modified to

some extend by controlling texture. The results herein agreed with those but our results do not yet confirm

an increase in the roughness of the surface, nevertheless the surface modification influenced the corrosion

tendency of Mg. Ion irradiations were capable of providing the most significant reduction in the corrosion

rate of around 0.0098 mg/h compared to 0.0592 mg/h for the untreated samples. These results cannot be

yet adequately explained within the framework of the theory. More characterization is required. Therefore,

the contribution of the interaction to the process of corrosion and cell attachment is obvious.

[00349] Table 12 summarizes the cell viability of cells cultured in several Mg-based alloys. Since that,

cells cultured in 50% concentrated AZ31 are more viable than most of the alloys listed, except for the Mg-

Zn systems. In general, the sensitivity of cells to inorganic stimuli is different for different cell species, and



the maximal stimulation occurs at different ionic concentrations. For human vascular smooth cell, Mg2+ is

well tolerated and does not significantly reduce cell survival after a 24 h exposure at concentrations of up to

0 mmol/L [258]. Therefore, it is assumed that the decline in cell viability might be caused by the change of

pH value rather than the released ions in the corrosion procedure.

[00350] Cells adhesion, spreading and migration are the first sequential reactions when coming into

contact with a material surface, which is crucial for cells to survive [259], The observation on cell

morphology (FIG. 54) and the number of cells present on the surface (FIG. 53) reflected that the treated

Mg-based foams had significant positive effect on the adhesion cells. Thus, there was a higher amount of

cells adhered on the surface with better morphology compared to the naked Mg-based foam, Cell adhesion

can be affected by various factors such as hydrogen gas evolution, increment of localized pH and released

ions and corrosion products. Some investigations showed that Mg-based metals had stimulatory effects on

the cells growing in vivo [260], [261]. Thus, good cell interaction on the surface of Mg-based foams means

that the increment in pH and Mg ions produced from the foams dissolution is not expected to lead to toxic

reactions during biodegradation.

Conclusions

[00351] The effects of ion irradiation at different ion energy values on the degradation behavior of a

metallic foam based on AZ31 Mg alloys have been systematically studied in culture Medium 231 and SMGS

with different exposition times. Also, the cells behavior on the surface of the samples and cultured with the

liquid extract of the material has been assessed.

[00352] Surface modification may provide a means to selectively enhance anticorrosion property and

cellular response without affecting the required bulk attributes of Mg and its alloys, In this respect, a

biocompatible and corrosion-resistant surface was the focus for this example of surface treatment. The aim

was to create a hydrophobic surface by roughening the substrate with ion irradiation. The irradiated

samples showed in both cases (corrosion and biological behavior) better performances than the naked

samples. Finally, an energy region was proposed based on the results in FIG. 50 with values around 275

eV to 575 eV in order to gain control over the responses generated on the surface.

Summary of principal results

[00353] Studies focused on the development of a metal foam for bone tissue applications are carried

out and described herein. The gold target of this work was to enhance the cells interaction and corrosion

behavior on the surface of pores.

[00354] The first step was described herein, and it is based on the need for a selection of an Mg-based

alloy to develop a porous structure with enough corrosion resistance and biocompatibility. In this review,

mainly the effect of the alloy elements on the corrosion resistance and biocompatibility was analyzed. The

principal requirements for an Mg alloy were established and used for ranking the alloys. The alloy selected



was AZ31 which is a widely studied material and was found to have the second highest performance index

as compared with other alloys used for the same purpose. The AZ31 cytotoxicity and corrosion behavior are

appropriate for bone implants and the mechanical properties are close to those of human bone. Moreover,

the combination of Mg and Zn has the potential to be bioactive.

[00355] Once the Mg-based alloy was selected, the structure of the porous system was decided taking

into account the bone organization, With this data, the fabrication route of the metal foam was described

herein. The selection of the process variables and the structure obtained were also described.

Characterization experiments were performed and it was determined that the foam with a pore size of 500

µ ι (EMg6) has a structure closer to bone structure. The topography observed and calculated was

considered an advantage from a viewpoint of bone-implant interface, because the roughness values could

direct the cells to a more osteoblast-like behavior.

[00356] Surface modification may provide a means to selectively enhance anticorrosion property and

cellular response without affecting the required bulk attributes of Mg and its alloys. In this respect, a

biocompatible and corrosion resistant surface was described herein. The aim was to create a hydrophobic

surface by roughening the substrate with ion irradiation. Two ion energy values were selected taking into

account the literature results. Irradiation affected the surface and the results showed better performance by

the irradiated samples compared to naked ones. Ion irradiation has been found to have a great effect by

improving corrosion resistance and cells adhesion to the surface, The best performances were obtained

with energy values of 400 eV.

Limitations

[00357] Characterization is an important issue for understanding the results and the behavior of the

obtained products. Described herein is an attempt to avoid some of the limitations of the characterization

was made.

[00358] It was necessary to calculate the roughness of the surface as well as the chemical composition.

AFM and XPS techniques were considered, because of their reported results, as the more suitable method.

However, AFM is a measuring method that can be applied to scan large areas for micro-scale roughness of

surfaces with a small curvature [185]. For our highly porous materials with small contact area inside the

pores, AFM can no longer measure the surface, and this limitation is common to other contact techniques

for measuring the roughness.

[00359] Also, XPS was tried to be applied for measuring the chemical composition of the samples, but

there is no control on the contact angle due to the configuration of the samples and after applying sputtering

only Cu peaks appeared in the XPS pattern.
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Example 3 - Synthesis of Mg-based porous material

Abstract

[00360] During the last decade, great interest in porous scaffold substitutes has emerged because of

their applicability in bone tissue engineering. Porous material provides the necessary support for cells to

grow, proliferate, and preserve their differentiated function. Hence, the shape and the properties of the new

tissue are defined by the scaffold geometry. The main purpose of the present work is to build up the

fabrication procedure to obtain porous Mg-based scaffolds.

[00361] For this, open cell magnesium foams are fabricated by replication process. The starting

material is a commercially available ingot of AZ31 . To prepare the preforms, NaCI grains are sieved in sizes



of 500 µ ίΐΐ and 1200 µηι . The metal pieces are put onto the salt preform and covered by fluxes. No gas

controlled atmosphere is used . Finally, the liquid metal is infiltrated into the preform by applying vacuum. At

the point of solidification, the salt preforms are dissolved in water and the spaces of the original preform are

mostly copied .

[00362] The results indicate that the porous Mg-based specimens with pore sizes replicated from the

salt particles can have morphological properties comparable with those of cancellous bone. Furthermore,

according to the results, the porous AZ31 alloy may be used as scaffold material for hard tissue

regeneration.

Introduction

[00363] Bone is the second most frequently transplanted tissue. Different from other tissues, bone can

be regenerated and healed by itself. However, in intense fractures or large bone defects, the self-repair

ability of the bone can fail resulting in slowed unions or non-unions. A bone scaffold is defined as an

implanted material that promotes bone healing through osteogenesis, osteoinduction, and osteoconduction .

This is a relatively complex device that should be degradable, allow cell attachment and provide mechanical

support in order to avoid bone repair failure.

[00364] During the last decade, great interest in porous scaffold substitutes has emerged because of

their applicability in bone tissue engineering. A porous material provides the necessary support for cells to

grow, proliferate, and preserve their differentiated function, Hence, the shape and the properties of the new

tissue are defined by the scaffold geometry.

[00365] The architectural bone scaffold parameters determine the biological outcome. The geometry of

porous scaffolds in the case of bone substitution has been showing significant influence in the cellular

response and the rate of bone tissue regeneration. In order to complete the vascularization of scaffolds,

material chemistry and macro and micro-structural properties ought to be optimized. The rate of

vascularization depends on pore size, porosity, pore interconnectivity, and volume ratio. A large surface

area can lead to improved cell attachment, whereas highly porous scaffolds favor vascularization and

nutrient interchange. Therefore, scaffolds for osteogenesis should mimic bone architecture, structure and

function in order to enhance integration into surrounding tissues. The minimum pore size required to

regenerate mineralized bone is considered to be 100 µητι , smaller pores result in ingrowth of unmineralized

tissue, and even smaller ones are penetrated only by fibrous tissue. Appropriate pore sizes for bone tissue

engineering are reported to be >200 µ η while rapid vascularization of matrices apparently requires a pore

size greater than 500 µ ι . Hence, the general pore size for bone with high vascularization potential should

be between 200 and 900 µ ι .

[00366] Replication process is a manufacturing method which consists of processing a preform that can

be a sintered salt or a polymer foam impregnated with plaster slurry. The preform is then permeated with



liquid metal, which infiltrates the free spaces between the grains. At the point of solidification the salt

preform is dissolved in water and the spaces of the original preform are mostly copied. This process results

in an open-cell almost fully interconnected foam. In the case of the polymer foam, the template is filled with

a slurry of a more heat resistant material. After that, the polymer is removed by heat and liquid metal is

casted into the cavities which reproduce the original template structure.

[00367] In general, the fabrication of porous structures based on Mg alloys has been limited, mainly

because of the high reactive potential of this material, and consequently, the complications with the

sintering. The processes described in the literature require modification to the equipment and the

procedures that were already standardized for other metals. Since Mg is high flammable, material

processing is normally performed in vacuum or inert gas environment.

Experimental methods

Infiltration casting

[00368] The starting material is a commercially available ingot of AZ31 Mg-based alloy. Then, foams

are manufactured using a preform of salt particles sieved and separated in two average sizes, 500 µ η and

1200 µ ι . NaCI particles are deposited into a refractory and the metal pieces were placed over salt the

preform. The Mg-based alloy is protected from oxidation by the use of salt fluxes instead for controlled

atmosphere with gases. The temperature is slowly increased from room temperature to around 680°C,

then, it is maintained for the whole process. Then, vacuum is applied to create a negative pressure inside

the chamber. The obtained structure is cut in several cylindrical samples that were leached by dissolution of

the salt in water in order to reveal the open cells and the interconnected network of metal matrix. A total of

eight assays were performed.

Porosity evaluation

[00369] Scanning electron microscope (JEOL 6060LV General Purpose SEM) is used to characterize

the morphology of the pores. Then, the samples are evaluated by X-ray CT. The X-ray power is set to the

maximum of 8 Watts and 60 keV.

[00370] The percent porosity in gray scale is estimated from X-ray µ Τ slides by converting the original

slide to a binary image and getting a numerical calculation of the area covered by pores vs. the area

occupied by material. ImageJ software is used for this purpose (see FIG. 55). This analysis was repeated

three times for each image and 10 slides were evaluated.

Chemical and crystallographic analysis

[00371] Irregular samples are cut directly from two Mg-based foams. The chemical composition is

assessed by EPA test methods for evaluating solid waste. The crystalline phase of the samples are studied

by the X-ray diffraction (Philips X'pert MRD system) with a Cu Ka source.

Compression test



[00372] Uniaxial compression tests are carried out in a universal testing machine INSTRON, model

3366 at a crosshead speed of 2 mm/min. Two specimens for each condition are evaluated. Test samples

are cut to 2.5 mm in diameter and 2 mm in height.

Results

Infiltration casting

[00373] In terms of fluidity and the alloy ability to infiltrate the salt preform, three different results were

observed among the obtained foams shown in FIG. 56: A) no infiltration of salt mold, B) acceptable foam

with bulks of salt without infiltration, C) correct Mg-based alloy infiltration of the salt.

[00374] The more suitable parameters are melting temperature of 670 °C and melting time of 60 mins

for infiltrating 1200 m salt preform, and 680 °C and 100 min for infiltrating 500 m salt preform. For the

purpose of example, EMg1 and EMg2 nomenclature will be used for 500 m foam and 1200 µιη

respectively.

Porosity evaluation

[00375] Since the metal foam samples are Mg-based alloy, the images obtained presented high

contrast between the metal (1.77 g/cm3) and the air (0.00119 g/cm3) . FIG. 55 shows a 2D slice from X-ray

µ Τ in the dimension scale of 500µιη . The dark gray sections are pores, while the bright gray represents

solid, most of which is Mg according to the X-ray diffraction (XRD) analysis.

[00376] In CT practice, the proper grayscale value for defining a boundary between two phases is the

average of their two mean end-member grayscales. Therefore, the threshold gray scale was set as 150 for

Mg and MgO area. Average porosities were determinate as 87.19% for EMg2, and 7 1 ,35% for EMg1, by

using ImageJ,

[00377] The two foam samples fabricated from the same ingot have similar porous structure with

different pore sizes, showing nearly isotropic characteristics in the surface as is showed in FIGS. 57 and

58. The foams contain mainly two types of pores: the macropores (white line) acquired as a result of the

dissolution of the salt grains and the small pores (cyan line) derivate from the interparticle contacts. The

small pores (-210 µι for EMg1 and -435 µ ι for EMg2) are usually distributed on the cell center,

generating the connection tunnels that made the foams present very high open porosity (71 .35% and

87.19%). The cell wall thickness (red line) is in the range of 90 µ ι and the cell edge (green line) has

nonuniformity in dimension.

[00378] The size of the macropores, ~ 497 µ η for EMg1 and -1300 µ ι for EMg2, was mainly

determined by the infiltration pressure, the salt particle dimensions and the casting temperature when the

density of Mg-based alloy is constant. Thus, it could be deduced that the infiltration parameters play a role

on the connectivity of Mg-based alloy foams, which would also provide great flexibility for the structural

design of ellipsoidal pores Mg-based foams.



Chemical evaluation

[00379] EPA test methods for evaluating solid waste is used to investigate the levels of Al, Ca, Mg, K ,

and Zn extracted from EMg2 and EMgl . In both cases, the levels for all metals are hierarchized as follows:

Mg»AI>Zn»Ca> K . The metal concentration levels in EMg2 and EMgl are shown in FIG. 59. The results

reveal only minor discrepancies between porous samples composition and AZ31 alloy composition [21],

except for the apparition of an small K trace in the EMg2 and EMgl samples.

[00380] The crystalline phase of the surfaces and original material was studied by XRD. FIG. 60 shows

the XRD patterns of the original ingot. This material mainly contains two kinds of peaks: Mg and MgO. No

other phases were identified within the sensitivity limits of XRD. Zn and Al elements might not be detected

because only small amounts of them are present on the alloy.

[00381] The peaks that appeared at 2Θ = 42.9°and 78.4°respectively, represent (2 0 0) and (2 2 2)

planes of the cubic MgO crystal structure. FIG. 6 1 shows that the phase compositions of the Mg-based

foams are very similar to the original ingot (FIG. 60) and same peaks of MgO can be identified. FIG. 62

shows a comparable XRD pattern. However, MgO peaks were almost completely disappeared in samples

EMgla and EMglb. There is also a peak at 2 = 42.22°that turns up in samples EMglc and EMgld this

peaks represents KCI, which was one of the salt fluxes used during the foams infiltration process. In all the

cases, original ingot and obtained foams, Mg peaks were shifted to lower 2Θ values which could

correspond to the dissolution of the larger Al and Zn atoms into the Mg matrix.

Compression test

[00382] The effects of density and pore size on the mechanical properties of the Mg-based foams were

examined by compressive test, as shown in FIG. 63. The curves exhibit a quite long plateau with a nearly

constant stress level where the stress increases slowly as the cells deform plastically. This region ends at

strain as high as 65-75% for EMgl and 80-85% for EMg2. Later, there is a densification stage where the

collapsed cells are compacted together and stress is rapidly increased.

[00383] The plateau regions are smooth, suggesting that foams are not brittle. This smooth plateau

reflects the compaction deformation mode. As the compression proceeds, the foam is being quickly

compacted, therefore, it can be seen at 48% strain for EMgl and 75% for EMg2 where the foams are

compacted and a change in the foams stiffness is notable.

Discussion

[00384] In general, the fabrication of porous structures based on Mg alloys has been limited, mainly

because of the high reactive potential of this material, and consequently, the complications with the

sintering. In the actual state of the literature review in this work, all the processes described require

modification to the equipment and the procedures that were already standardized for other metals.

Therefore, casting fillings is inherently difficult due to low metallostatic pressure and rapid alloy



solidification. Since Mg is high flammable, processing the material is normally performed in vacuum or inert

gas environment. Hence, this work focuses its efforts on developing a reliable, safe and low cost method for

manufacturing porous Mg foams.

[00385] Fluidity was one of the important steps in the manufacturing process since a high fluidity level,

or an extended holding time would result in an over-infiltrated NaCI template. Yim et al. found an increment

of fluidity of AZ31 with an increase in temperature and melting time. Moreover, oxide films on the melt

surface can significantly raise the surface tension and viscosity of the molten metal and reduce its ability to

fill the mold. Mechanical destruction was used to break down the oxide layers to achieve the desired fluidity

values to fill the salt cavities.

[00386] The cover fluxes melted over the surface of the molten alloy, formed a protective coating which

inhibits the molten metal from contacting ambient gases. Moreover, salt fluxes are suspected to attract and

wet impurities in the Mg melt, resulting in their subtraction. Furthermore, in spite of no protective

atmosphere, chemical analysis suggests that no chemical reaction occurred during the infiltration process,

showing a very promising application prospect as biodegradable bone implant material. The amount of MgO

observed on the pore wall FIGS. 6 1 and 62, was probably due to the surface oxidation of the foams stored

at room temperature and also oxidation occurred during salt grains dissolution.

[00387] A typical compressive stress-strain curve for metal scaffolds with high porosity shows three

differentiated behaviors. Firstly, there is a linear-elastic region which is characterized by an initial increase

in stress. This initial high slope is associated with the stiffness of the porous samples. Subsequently, due to

the collapse of the pores, the flow stress no longer increases with strain and there appears a wide stress

plateau known as plateau or collapse region. The compression curves obtained in this work began with the

plateau region and the regions are smooth, without the presence of serrations that are typically observed in

other open-cell Mg-based foams [ . This result suggests that foams are not brittle. The increase of plateau

stresses is very slow and the densification did not begin until about a strain of 65% or over was reached.

This means that the present Mg-based foam could be good in impact absorption applications.

Conclusion

[00388] Described herein is the fabrication and characterization of Mg-based foams by infiltration

casting suitable for manufacturing Mg-based foams for bone tissue engineering. Foams with two different

porosities and pores size were obtained. For the infiltration process, the temperature and melting time have

been defined as being 680°C and 670°C and 100 min and 60 min for infiltrating 1200 µ η and 500 m salt

preform respectively. The precise selection depends on the pore size and porosity desired.

[00389] The result of the crystalline phase and chemical analysis further indicate a safe and biologically

inert process. This avoids the problem of toxic solvents or materials and hold significant promise for

biomedical application as bone interfacing implants. The foams also presented enough mechanical



properties to fulfill the required mechanical response of some scaffold materials, depending on the

porosities.
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Example 4 - Preferential increase of Aluminum conentration at modified Surface

[00390] FIGS. 65-67 provide X-ray photoelectron spectroscopy data of a magnesium alloy sample

surface treated with DPNS and illustrate the preferential increase of in-situ Al at the surface. The

magnesium alloy sample is the Mg AZ 3 1 composition having 500 micron pores. The composition of Al is

driven to about 10% at the modified surface when exposed to a fluence of 1 x 10 18 particles per second per

square centimeter as shown in FIG. 67. Additionally, the concentration of Zn (another component of the

alloy) is not appreciably increased. The increase of Al while avoiding additional Zn at the modified surface

improves hydroxyapatite formation and allows for precise control of corrosion rate.

[00391] FIG. 67 also illustrates that 01s at 531 eV concentration is decreased while 01s at 535 eV

remains stable. This indicates that the MgO at the surface being modified is not decreasing while the Al is

increasing. The data also suggests that Carbon decreases as impurities such as CO are removed from the

modified surface.

STATEMENTS REGARDING INCORPORATION BY REFERENCE

AND VARIATIONS

[00392] All references throughout this application, for example patent documents including issued or

granted patents or equivalents; patent application publications; and non-patent literature documents or

other source material; are hereby incorporated by reference herein in their entireties, as though individually

incorporated by reference, to the extent each reference is at least partially not inconsistent with the



disclosure in this application (for example, a reference that is partially inconsistent is incorporated by

reference except for the partially inconsistent portion of the reference).

[00393] The terms and expressions which have been employed herein are used as terms of description

and not of limitation, and there is no intention in the use of such terms and expressions of excluding any

equivalents of the features shown and described or portions thereof, but it is recognized that various

modifications are possible within the scope of the invention claimed. Thus, it should be understood that

although the present invention has been specifically disclosed by preferred embodiments, exemplary

embodiments and optional features, modification and variation of the concepts herein disclosed may be

resorted to by those skilled in the art, and that such modifications and variations are considered to be within

the scope of this invention as defined by the appended claims. The specific embodiments provided herein

are examples of useful embodiments of the present invention and it will be apparent to one skilled in the art

that the present invention may be carried out using a large number of variations of the devices, device

components, methods steps set forth in the present description. As will be obvious to one of skill in the art,

methods and devices useful for the present methods can include a large number of optional composition

and processing elements and steps.

[00394] When a group of substituents is disclosed herein, it is understood that all individual members of

that group and all subgroups, including any isomers, enantiomers, and diastereomers of the group

members, are disclosed separately. When a Markush group or other grouping is used herein, all individual

members of the group and all combinations and subcombinations possible of the group are intended to be

individually included in the disclosure. When a compound is described herein such that a particular isomer,

enantiomer or diastereomer of the compound is not specified, for example, in a formula or in a chemical

name, that description is intended to include each isomers and enantiomer of the compound described

individual or in any combination. Additionally, unless otherwise specified, all isotopic variants of compounds

disclosed herein are intended to be encompassed by the disclosure. For example, it will be understood that

any one or more hydrogens in a molecule disclosed can be replaced with deuterium or tritium. Isotopic

variants of a molecule are generally useful as standards in assays for the molecule and in chemical and

biological research related to the molecule or its use. Methods for making such isotopic variants are known

in the art. Specific names of compounds are intended to be exemplary, as it is known that one of ordinary

skill in the art can name the same compounds differently.

[00395] Many of the molecules disclosed herein contain one or more ionizable groups [groups from

which a proton can be removed (e.g., -COOH) or added (e.g., amines) or which can be quaternized (e.g.,

amines)]. All possible ionic forms of such molecules and salts thereof are intended to be included

individually in the disclosure herein. With regard to salts of the compounds herein, one of ordinary skill in

the art can select from among a wide variety of available counterions those that are appropriate for



preparation of salts of this invention for a given application. In specific applications, the selection of a given

anion or cation for preparation of a salt may result in increased or decreased solubility of that salt.

[00396] Every formulation or combination of components described or exemplified herein can be used

to practice the invention, unless otherwise stated.

[00397] Whenever a range is given in the specification, for example, a temperature range, a time range,

or a composition or concentration range, all intermediate ranges and subranges, as well as all individual

values included in the ranges given are intended to be included in the disclosure. It will be understood that

any subranges or individual values in a range or subrange that are included in the description herein can be

excluded from the claims herein.

[00398] All patents and publications mentioned in the specification are indicative of the levels of skill of

those skilled in the art to which the invention pertains. References cited herein are incorporated by

reference herein in their entirety to indicate the state of the art as of their publication or filing date and it is

intended that this information can be employed herein, if needed, to exclude specific embodiments that are

in the prior art. For example, when composition of matter are claimed, it should be understood that

compounds known and available in the art prior to Applicant's invention, including compounds for which an

enabling disclosure is provided in the references cited herein, are not intended to be included in the

composition of matter claims herein.

[00399] As used herein, "comprising" is synonymous with "including," "containing," or "characterized

by," and is inclusive or open-ended and does not exclude additional, unrecited elements or method steps.

As used herein, "consisting of excludes any element, step, or ingredient not specified in the claim element.

As used herein, "consisting essentially of" does not exclude materials or steps that do not materially affect

the basic and novel characteristics of the claim. In each instance herein any of the terms "comprising",

"consisting essentially of" and "consisting of" may be replaced with either of the other two terms. The

invention illustratively described herein suitably may be practiced in the absence of any element or

elements, limitation or limitations which is not specifically disclosed herein.

[00400] One of ordinary skill in the art will appreciate that starting materials, biological materials,

reagents, synthetic methods, purification methods, analytical methods, assay methods, and biological

methods other than those specifically exemplified can be employed in the practice of the invention without

resort to undue experimentation. All art-known functional equivalents, of any such materials and methods

are intended to be included in this invention. The terms and expressions which have been employed are

used as terms of description and not of limitation, and there is no intention that in the use of such terms and

expressions of excluding any equivalents of the features shown and described or portions thereof, but it is

recognized that various modifications are possible within the scope of the invention claimed. Thus, it should

be understood that although the present invention has been specifically disclosed by preferred



embodiments and optional features, modification and variation of the concepts herein disclosed may be

resorted to by those skilled in the art, and that such modifications and variations are considered to be within

the scope of this invention as defined by the appended claims.



We claim:

. A biodegradable sponge comprising:

a magnesium alloy comprising magnesium having an amount selected from the range of 96% to

97.3%, aluminum having an amount selected from the range of 3% to 3.5% and zinc having an

amount selected from the range of 0.8% to 1.2%;

wherein said biodegradable sponge is characterized by a porosity selected over the range of 50%

to 87%; and having Young's modulus selected from the range of 8 GPa to 29 GPa.

2 . A biodegradable sponge comprising:

a magnesium alloy comprising magnesium having an amount selected from the range of 96% to

97.3%, aluminum having an amount selected from the range of 3% to 3.5% and zinc having an

amount selected from the range of 0.8% to 1.2%;

wherein said biodegradable sponge is characterized by a porosity selected over the range of 50%

to 87%; and having Young's modulus selected from the range of 8 GPa to 29 GPa;

said sponge having an outer exposed surface and an internal exposed surface provided by a

plurality pores; wherein at least a portion of said exposed surface has a plurality of nanoscale

domains providing a selected multifunctional bioactivity;

wherein said nanoscale domains are generated by exposing said surface to one or more directed

energetic particle beam characterized by one or more beam properties.

3 . The biodegradable sponge of claim 1 or 2 wherein said magnesium alloy further comprises one or

more additional components selected from the group of potassium, calcium and manganese.

4 . The biodegradable sponge of claim 1 or 2 wherein one or more additional components

independently have an amount selected from the range of from the range of 0.01% to 0.05%,

5 . The biodegradable sponge of claim 2 , wherein said nanoscale domains comprise an increase or

decrease in the aluminum content of said domain by greater than or equal to 10%,

6 . The biodegradable sponge of claim 2 , wherein said selected multifunctional bioactivity is with

respect to an in vivo or in vitro activity relative to an unmodified magnesium containing sponge

surface.

7 . The biodegradable sponge of claim 5 , wherein said in vivo or in vitro activity is a change in rate of

bioresorption.

8 . The biodegradable sponge of claim 7 , wherein said change in rate of bioresorption is a decrease

greater than or equal to a factor of 5 .

9 . The biodegradable sponge of claim 5 , wherein said in vivo or in vitro activity is a decrease in

hydrogen generation.



10. The biodegradable sponge of claim 9 , wherein said decrease in hydrogen generation is a decrease

greater than or equal to 10%.

11. The biodegradable sponge of claim 5 , wherein said in vivo or in vitro activity is an enhancement in

bioresorption, hydrogen generation, cell adhesion activity, cell shape activity, cell proliferation

activity, cell migration activity, cell differentiation activity, anti-bacterial activity, bactericidal activity,

anti-inflammatory activity, osseointegration activity, biocorrosion activity, cell differentiation activity,

immuno-modulating activity during acute or chronic inflammation or any combination of these.

12. The biodegradable sponge of claim 11, wherein said enhancement of in vivo or in vitro activity is

equal to or greater than 100%.

13. The biodegradable sponge of claim 2 , wherein said nanoscale domains have an increased

concentration of Aluminum.

14. The biodegradable sponge of claim 13, wherein said increased concentration of Aluminum

promotes the formation of calcium phosphate when exposed to a fluid.

15. The biodegradable sponge of claim 2 , wherein said nanoscale domains comprise an increase in

AI2O3 content relative to the AI2O3 of an unmodified magnesium containing surface.

16. The biodegradable sponge of claim 2 , wherein said nanoscale domains are provided between and

within pores of said sponge to a depth of 540 m from said external surface.

17. The biodegradable sponge of claim 2 , wherein said nanoscale domains characterized by a

chemical composition different from the bulk phase of said magnesium containing substrate.

18. The biodegradable sponge of claim 2 , wherein said nanoscale domains provide an enhancement in

vivo or in vitro activity with respect to cell adhesion proliferation activity and migration greater than

or equal to 100%.

19. The biodegradable sponge of claim 2 , wherein said nanoscale domains provide an enhancement in

vivo or in vitro activity with respect to anti-bacterial activity and bactericidal activity greater than or

equal to 100%.

20. The biodegradable sponge of claim 2, wherein said nanoscale domains provide local in vivo

increase in pH, wherein said pH is increased by 0.5 or more.

2 1 . The biodegradable sponge of claim 2 , wherein said nanoscale domains provide an enhancement of

a selected physical property of said substrate.

22. The biodegradable sponge of claim 2 1, wherein said physical property is hydrophilicity,

hydrophobicity, surface free energy, surface charge density or any combination of these.

23. The biodegradable sponge of claim 2 1, wherein said enhancement of selected physical property is

equal to or greater than 25%.

24. The biodegradable sponge claim 1 or 2, wherein said biodegradable sponge is biocompatible.



25. The biodegradable sponge of claim 2 , wherein the directed energetic particle beam is a broad

beam, focused beam, asymmetric beam, reactive beam or any combination of these.

26. The biodegradable sponge of claim 2 , wherein said one or more beam properties is intensity,

fluence, energy, flux, incident angle, ion composition, neutral composition, ion to neutral ratio or any

combinations thereof.

27. The biodegradable sponge of claim 2 , wherein said nanoscale domains provide a surface geometry

selected from the group consisting of topology, topography, morphology, texture or any

combination of these.

28. The biodegradable sponge of claim 2 , wherein each of said nanoscale domains are characterized

by a vertical spatial dimension of less than or equal to 50 nm.

29. The biodegradable sponge of claim 2 , wherein each of said nanoscale domains are characterized

by a vertical spatial dimension selected over the range of 10 nm to 250 nm.

30. The biodegradable sponge of claim 2 , wherein said nanoscale domains comprise nanowalls,

nanorods, nanoplates, nanoripples or any combination thereof having lateral spatial dimensions

selected over the range of 10 to 1000 nm and vertical spatial dimensions of less than or equal to

250 nm.

3 1 . The biodegradable sponge of claim 30, wherein said nanowalls, nanorods, nanoplates or

nanoripples are separated from one another by a distance of less than or equal to 100 nm.

32. The biodegradable sponge of claim 2 , wherein said nanoscale domains comprise discrete

crystallographic domains.

33. The biodegradable sponge of claim 1 or 2, wherein said biodegradable sponge is generated by

infiltration casting and salt fluxing.

34. The biodegradable sponge of claim 1 or 2, wherein said biodegradable sponge has a tensile

strength selected from the range of 5 MPa to 20 MPa.

35. A method of fabricating a biodegradable magnesium sponge comprising:

providing a magnesium containing sponge having a plurality of pores each having an surface; and

directing a directed energetic particle beam onto said surfaced, thereby generating a plurality of

nanoscale domains on said surfaces;

wherein said directed energetic particle beam has one or more beam properties selected to

generate said plurality of nanoscale domains providing a selected multifunctional bioactivity.

36. The method of claim 35, wherein the directed energetic particle beam is a broad beam, focused

beam asymmetric beam or any combination of these.

37. The method of claim 35, wherein said step of directing said directed energetic particle beam onto

said substrate surface comprises directed plasma nanosynthesis (DPNS), Direct Seeded Plasma



Nanosynthesis (DSDPNS), Direct Soft Plasma Nanosynthesis (DSPNS) or any combination of

these.

38. The method of claim 35, wherein said one or more beam properties is intensity, fluence, energy,

flux, incident angle, ion composition, neutral composition ion to neutral ratio or any combinations

thereof.

39. The method of claim 35, wherein said directed energetic particle beam comprises one or more ions,

neutrals or combinations thereof.

40. The method of claim 39, wherein said ions are Ne ions, Kr ions, Ar ions, Xe ions, N ions or a

combination thereof.

4 1 . The method of claim 39, wherein said directed energetic particle beam is generated from an

energetic O 2 precursor.

42. The method of claim 35, wherein said one or more beam properties comprise incident angle and

said incident angle is selected from the range of 0° to 80°.

43. The method of claim 35, wherein said one or more beam properties comprise fluence and said

fluence is selected from the range of 1 x 10 16 cn 2 to 1 x 101 cn 2.

44. The method of claim 35, wherein said one or more beam properties comprise energy and said

energy is selected from the range of 0.1 keV to 10 keV.

45. The method of claim 35, wherein said multifunctional bioactivity comprises bioresorption.
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