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(57) ABSTRACT 

The invention relates to biodegradable, metal alloy-contain 
ing compositions, methods for their preparation and appli 
cations for their use. The compositions include magnesium 
and other components, such as yttrium, calcium, silver, 
cerium, and Zirconium; or Zinc, Silver, cerium, and Zirco 
nium; or aluminum, zinc, calcium, manganese, silver, 
yttrium; or strontium, calcium, zinc. The compositions are 
prepared by vacuum induction/crucible melting together the 
components and casting the melted mixture in a preheated 
mild steel/copper mold. In certain embodiments, the com 
positions of the invention are particularly useful for forming 
medical devices for implantation into a body of a patient. 
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BODEGRADABLE METAL ALLOYS 

0001. The invention was made with government support 
under EEC-08 12348 awarded by the National Science Foun 
dation. The government has certain rights in the invention. 

FIELD OF THE INVENTION 

0002 The invention relates to metal alloy-containing 
compositions and articles, and methods for their preparation. 
The invention is particularly suitable for use in fabricating 
biodegradable materials and medical devices for implanta 
tion into a body of a patient, such as for example, orthopedic, 
craniofacial and cardiovascular implant devices. 

BACKGROUND OF THE INVENTION 

0003 Metallic implant devices, such as plates, screws, 
nails and pins are commonly used in the practice of ortho 
pedic, craniofacial and cardiovascular implant Surgery. Fur 
thermore, metallic stents are also implanted into a body of 
a patient to Support lumens, for example, coronary arteries. 
Most of these metallic implant devices which are currently 
used are constructed of stainless steel, cobalt-chromium 
(Co-Cr) or titanium alloys. Advantageously, these materi 
als of construction exhibit good biomechanical properties. 
However, disadvantageously, implant devices constructed of 
these materials do not degrade over a period of time. Thus, 
Surgery may be required when there is no longer a medical 
need for the implant device and when, for various reasons, 
it may be desired to remove the implant device from a body 
of a patient. For example, in certain instances, such as 
pediatric applications, there may be a concern that if an 
implant device is not removed, it may eventually be rejected 
by the body and cause complications for the patient. Thus, 
it would be advantageous for: (i) the implant device to be 
constructed of a material that is capable of degrading over a 
period of time, (ii) for the implant device to dissolve in a 
physiological environment Such that it would not remain in 
the body when there is no longer a medical need for it, and 
(iii) Surgery not to be required to remove the implant device 
from the body of the patient. 
0004 Currently, biomaterials used for orthopedic, cran 
iofacial and cardiovascular applications are primarily cho 
sen based on their ability to withstand cyclic load-bearing. 
Metallic biomaterials in particular have appropriate proper 
ties Such as high strength, ductility, fracture toughness, 
hardness, corrosion resistance, formability, and biocompat 
ibility to make them attractive for most load bearing appli 
cations. The most prevalent metals for load-bearing appli 
cations are stainless steels, Ti, and Co-Cr based alloys, 
though their stiffness, rigidity, and strength far exceed those 
of natural bone. Their elastic modulus differs significantly 
from bone, causing stress-shielding effects that may lead to 
reduced loading of bone—with this decrease in stimulation 
resulting in insufficient new bone growth and remodeling, 
decreasing implant stability. Current metallic biomaterials 
also suffer from the risk of releasing toxic metallic ions and 
particles through corrosion or wear causing implant site 
immune response. They may also lead to hypersensitivity, 
growth restriction (most significantly for pediatric implants), 
implant migration, and imaging interference. Due to these 
complications, it is estimated that 10% of patients will 
require a second operation for the removal of permanent 
metallic plates and Screws, exposing patients to additional 
risks, and increasing Surgical time and resources. 
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0005 Based on at least these issues, there is a desire to 
design and develop a new class of load-bearing biomaterials 
with the goal of providing adequate Support while the bone 
is healing that harmlessly degrades over time. 
0006 To avoid complications associated with permanent 
fixation implants, degradable biomaterials have recently 
been developed. However, resorbable polymer fixation 
plates and screws are relatively weaker and less rigid com 
pared to metals, and have demonstrated local inflammatory 
reactions. For example, biodegradable materials which are 
currently used in the construction of implant devices include 
polymers, such as polyhydroxy acids, polylactic acid (PLA), 
polyglycolic acid (PGA), and the like. These materials, 
however, have been found to exhibit relatively poor strength 
and ductility, and have a tendency to react with human tissue 
which can limit bone growth. 
0007 Magnesium alloys have recently emerged as a new 
class of biodegradable materials for orthopedic applications 
with more comparable properties to natural bone. Magne 
sium is known to be a non-toxic metal element that degrades 
in a physiological environment and therefore, may be con 
sidered a Suitable element for use in constructing biodegrad 
able implant devices. Magnesium is attractive as a bioma 
terial for several reasons. It is very lightweight, with a 
density similar to cortical bone, and much less than stainless 
steel, titanium alloys, and Co-Cr alloys. The elastic modu 
lus of magnesium is much closer to natural bone compared 
to other commonly used metallic implants, thus reducing the 
risk of stress shielding. Magnesium is also essential to 
human metabolism, is a cofactor for many enzymes, and 
stabilizes the structures of DNA and RNA. Most impor 
tantly, magnesium degrades to produce a soluble, non-toxic 
corrosion hydroxide product which is harmlessly excreted 
through urine. Unfortunately, accelerated corrosion of mag 
nesium alloys may lead to accumulation of hydrogen gas 
pockets around the implant as well as insufficient mechani 
cal performance and implant stability throughout the deg 
radation and tissue healing process. The degradation of 
magnesium in a physiological environment yields magne 
sium hydroxide and hydrogen gas. This process is known in 
the art as magnesium corrosion. The hydrogen gas produced 
in the body of the patient as a result of magnesium corrosion 
can produce complications because the ability of the human 
body to absorb or release hydrogen gas is limited. 
0008. The various biodegradable metallic alloys known 
in the art may exhibit low biocompatibility and/or high 
corrosion rates, which render these materials unsuitable for 
use in medical applications, such as implant devices. Fur 
ther, compositions of matter for use as implant devices 
should not include toxic elements, such as Zinc and alumi 
num, or at least include these elements only in non-toxic 
amounts. Moreover, the composition should exhibit a cor 
rosion rate that is suitable for implantation in a physiological 
environment, i.e., a body of a patient. 
0009. In the field of biomedical applications, there is a 
desire to develop biodegradable metal alloy-containing 
implant materials having good compressive strength with 
improved corrosion resistance and biocompatibility. Further, 
it is desirable to control the corrosion resistance and the 
hydrogen evolution therefrom, which is associated with the 
presence of magnesium in a physiological environment. 
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SUMMARY OF THE INVENTION 

0010. In one aspect, the invention provides a biodegrad 
able, metal alloy-containing composition including from 
about 0.5 weight percent to about 4.0 weight percent of 
yttrium, from greater than Zero to about 1.0 weight percent 
of calcium, from about 0.25 weight percent to about 1.0 
Weight percent of Zirconium, and a balance of magnesium, 
based on the total weight of the composition. In certain 
embodiments, the metal alloy-containing composition can 
include about 1.0 weight percent of yttrium. In another 
embodiment, the metal alloy-containing composition can 
include about 1.0 weight percent of calcium. In still another 
embodiment, the metal alloy-containing composition can 
include less than about 0.5 weight percent of zirconium. 
0011. In another aspect, the invention provides a biode 
gradable, metal alloy-containing composition including 
from about 1.0 weight percent to about 6.0 weight percent of 
zinc, from greater than Zero to about 1.0 weight percent of 
Zirconium, and a balance of magnesium, based on the total 
weight of the composition. In certain embodiments, the 
metal alloy-containing composition can include about 4.0 
weight percent of zinc. In another embodiment, the metal 
alloy-containing composition can include less than about 0.5 
weight percent of zirconium. 
0012. In another aspect, The invention provides a method 
of preparing a biodegradable, metal alloy-containing com 
position including melting from about 0.5 weight percent to 
about 4.0 weight percent of yttrium, from greater than Zero 
to about 1.0 weight percent of calcium, from about 0.25 
weight percent to about 1.0 weight percent of zirconium, and 
a balance of magnesium, based on the total weight of the 
composition, to obtain a melted mixture and casting the melt 
mixture to obtain said biodegradable, metal alloy-containing 
composition. In certain embodiments, the method can 
include melting about 1.0 weight percent of yttrium. In 
another embodiment, the method can include melting about 
1.0 weight percent of calcium. In still another embodiment, 
the method can include melting less than about 0.5 weight 
percent of Zirconium. 
0013. In another aspect, the invention provides a method 
of preparing a biodegradable, metal alloy-containing com 
position including melting from about 1.0 weight percent to 
about 6.0 weight percent of zinc, from greater than Zero to 
about 1.0 weight percent of zirconium, and a balance of 
magnesium, based on the total weight of the composition, to 
obtain a melted mixture and casting the melt mixture to 
obtain said biodegradable, metal alloy-containing composi 
tion. In certain embodiments, the method can include melt 
ing about 4.0 weight percent of zinc. In another embodi 
ment, the method can include melting less than about 0.5 
weight percent of zirconium. 
0014. In yet another aspect, the invention includes a 
biodegradable, metal alloy-containing article including a 
magnesium-containing composition including from about 
0.5 weight percent to about 4.0 weight percent of yttrium, 
from greater than Zero to about 1.0 weight percent of 
calcium, from about 0.25 weight percent to about 1.0 weight 
percent of Zirconium, and a balance of magnesium, based on 
the total weight of the composition. In certain embodiments, 
the magnesium-containing composition can include about 
1.0 weight percent of yttrium. In another embodiment, the 
magnesium-containing composition can include about 1.0 
weight percent of calcium. In still another embodiment, the 
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magnesium-containing composition can include less than 
about 0.5 weight percent of zirconium. 
0015. In yet another aspect, the invention includes a 
biodegradable, metal alloy-containing article including a 
magnesium-containing composition including from about 
1.0 weight percent to about 6.0 weight percent of zinc, from 
greater than Zero to about 1.0 weight percent of zirconium, 
and a balance of magnesium, based on the total weight of the 
composition. In certain embodiments, the magnesium-con 
taining composition can include about 4.0 weight percent of 
Zinc. In another embodiment, the magnesium-containing 
composition can include less than about 0.5 weight percent 
of Zirconium. 
0016. In still another aspect, the invention includes a 
biodegradable, metal alloy-containing medical device 
including a magnesium-containing composition including 
about 0.5 weight percent to about 4.0 weight percent of 
yttrium, from greater than Zero to about 1.0 weight percent 
of calcium, from about 0.25 weight percent to about 1.0 
weight percent of Zirconium, and a balance of magnesium, 
based on the total weight of the composition. In certain 
embodiments, the magnesium-containing composition can 
include about 1.0 weight percent of yttrium. In another 
embodiment, the magnesium-containing composition can 
include about 1.0 weight percent of calcium. In still another 
embodiment, the magnesium-containing composition can 
include less than about 0.5 weight percent of zirconium. In 
certain embodiments, this medical device can be implant 
able in a body of a patient. In another embodiment, the 
medical device can be an orthopedic device. In yet another 
embodiment, the medical device can be a craniofacial 
device. In still another embodiment, the medical device can 
be a cardiovascular device. 
0017. In still another aspect, the invention includes a 
biodegradable, metal alloy-containing medical device 
including a magnesium-containing composition including 
about 1.0 weight percent to about 6.0 weight percent of zinc, 
from greater than Zero to about 1.0 weight percent of 
Zirconium, and a balance of magnesium, based on the total 
weight of the composition. In certain embodiments, the 
magnesium-containing composition can include about 4.0 
weight percent of zinc. In another embodiment, the magne 
sium-containing composition can include less than about 0.5 
weight percent of Zirconium. In certain embodiments, this 
medical device can be implantable in a body of a patient. In 
another embodiment, the medical device can be an ortho 
pedic device. In yet another embodiment, the medical device 
can be a craniofacial device. In still another embodiment, the 
medical device can be a cardiovascular device. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

I0018. The invention relates to novel, biodegradable metal 
alloy-containing compositions. Further, the invention relates 
to articles, such as medical devices for implantation into a 
body of a patient, which are constructed or fabricated from 
the biodegradable metal alloy-containing compositions of 
the invention. Moreover, the invention relates to methods of 
preparing these biodegradable, metal alloy-containing com 
positions and articles for use in medical applications, such as 
but not limited to, orthopedic, craniofacial and cardiovas 
cular surgery. 
I0019. In addition to the biodegradability of the metal 
alloy-containing compositions of the invention, these com 
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positions include at least one of the following characteris 
tics: biocompatibility, corrosion resistance, cell attachment, 
viability and mechanical strength, which make them Suitable 
for use as implant devices in a body of a patient. 
0020. In certain embodiments, the biodegradable, metal 
alloy-containing compositions of the invention are based on 
the presence of magnesium. The amount of magnesium and 
additional components are selected Such that the composi 
tions exhibit the characteristics identified herein. For 
example, components and their amounts are selected Such 
that the compositions exhibit corrosion resistance in the 
presence of water and simulated body fluids which allow the 
compositions to be suitable for in vitro use, for example, in 
a physiological environment, such as a body of a patient. 
0021. In other embodiments, the biodegradable, metal 
alloy-containing compositions of the invention are prepared 
using selected components in specified amounts such that 
the compositions exhibit corrosion resistance with minimal 
or no evolution of hydrogen gas. The evolution of hydrogen, 
Such as, hydrogen bubbles may result in complications 
within a body of a patient. 
0022. This invention includes controlling the corrosion 
rate and improving mechanical properties of magnesium 
alloys through the introduction of alloying elements and 
processing conditions. Magnesium corrosion and mechani 
cal properties are strongly affected by alloying elements in 
the solid solution. 

0023. In certain embodiments, the biodegradable, metal 
alloy-containing compositions of the invention include the 
following components: yttrium, calcium, Zirconium and 
magnesium. The amount of each of these components in the 
compositions can vary. In general, the amounts of each of 
these components are selected in order that the resulting 
compositions are within acceptable non-toxic limits such 
that the compositions are sufficiently biocompatible for 
implantation into a body of a patient, and are degradable 
over a period of time so that the implantation device does not 
remain in the body of the patient for prolonged periods of 
time, e.g., not beyond the period of time when there is a 
medical need for the implantation device. An implantation 
device fabricated in accordance with the invention will 
degrade and preferably completely dissolve within an 
acceptable time frame. For example, an implant device 
fabricated in accordance with the invention can serve as 
filler or Support material during a bone healing process and 
following completion of this process, the implant device will 
degrade within an acceptable time period and therefore, will 
not remain in the body for a prolonged period of time. The 
acceptable non-toxic limits and the acceptable time frame 
for degradation can vary and can depend on particular 
physical and physiological characteristics of the patient, the 
particular in vivo site of the implantation device, and the 
particular medical use of the implantation device. 
0024. In certain embodiments, the composition of the 
invention includes from about 0.5 weight percent to about 
4.0 weight percent of yttrium, from greater than Zero to 
about 1.0 weight percent of calcium, from about 0.25 weight 
percent to about 1.0 weight percent of Zirconium, and the 
remainder or balance being magnesium based on the total 
weight of the composition. In other embodiments, the com 
position can include about 1.0 weight percent of yttrium or 
about 4.0 weight percent of yttrium. In yet other embodi 
ments, the composition can include about 1.0 weight percent 
of calcium or about 0.6 weight percent of calcium. In still 
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other embodiments, the composition can include less than 
about 0.5 weight percent of zirconium, or about 0.4 weight 
percent of Zirconium. 
0025. Without intending to be bound by any particular 
theory, it is believed that the presence of yttrium contributes 
to the improved mechanical strength and corrosion resis 
tance of the biodegradable, metal alloy-containing compo 
sitions. Calcium is used in a low quantity to prevent oxida 
tion during the casting of the alloy. Zirconium is known to 
act as a grain refiner and is used to improve mechanical 
properties of the compositions. 
0026. In another embodiment of the invention, the bio 
degradable, metal alloy-containing compositions of the 
invention include the following components: Zinc, Zirco 
nium and magnesium. The amount of each of these com 
ponents in the compositions can vary. As previously indi 
cated, in general, the amounts of each of these components 
are selected in order that the resulting compositions are 
within acceptable non-toxic limits and are degradable over 
an acceptable period of time. In certain embodiments, the 
composition of the invention includes from about 1.0 weight 
percent to about 6.0 weight percent of Zinc, from greater 
than Zero to about 1.0 weight percent of Zirconium, and the 
remainder or balance being magnesium based on the total 
weight of the composition. In another embodiment, the 
composition can include about 4.0 weight percent of zinc. In 
still another embodiment, the composition can include less 
than about 0.5 weight percent of zirconium. 
0027. As described previously herein, the use of magne 
sium-containing compositions in a physiological environ 
ment results in the evolution or production of hydrogen gas. 
The degradation of magnesium involves a process (i.e., a 
corrosion process) in which hydrogen is released. In the 
invention, the amount of magnesium is specified Such that 
the corrosion rate corresponds to a rate of hydrogen forma 
tion which is acceptable such that large amounts of hydrogen 
bubbles do not form and accumulate within a body of a 
patient. 
0028. In certain embodiments, the amounts of yttrium, 
calcium, Zirconium and magnesium are specified and 
adjusted Such as to control at least one of corrosion resis 
tance, biodegradation, biocompatibility, toxicity, cell attach 
ment, mechanical strength and flexibility. In other embodi 
ments, the amounts of Zinc, Zirconium and magnesium are 
specified and adjusted Such as to control at least one of 
corrosion resistance, biodegradation, biocompatibility, tox 
icity, cell attachment, mechanical strength and flexibility. 
0029. Further, in certain embodiments, other compounds 
may be added to impart additional characteristics and prop 
erties to the resulting biodegradable, metal alloy-containing 
compositions. For example, silver may be added to provide 
anti-microbial properties. 
0030 Non-limiting examples of medical devices in 
which the compositions and articles of the invention can be 
used include, but are not limited to plates, meshes, staples, 
screws, pins, tacks, rods, Suture anchors, tubular mesh, coils, 
X-ray markers, catheters, endoprostheses, pipes, shields, 
bolts, clips or plugs, dental implants or devices, graft 
devices, bone-fracture healing devices, bone replacement 
devices, joint replacement devices, tissue regeneration 
devices, cardiovascular stents, intercranial aneurism device, 
tracheal stents, nerve guides, Surgical implants and wires. In 
a preferred embodiment, the medical devices include fixa 
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tion bone plates and Screws, temporamandibular joints, 
cardiovascular stents, and nerve guides. 
0031. The medical devices described herein can have at 
least one active substance attached thereto. The active 
Substance can be either attached to the Surface or encapsu 
lated within. As used herein, the term “active substance' 
describes a molecule, compound, complex, adduct and/or 
composite that exhibits one or more beneficial activities 
Such as therapeutic activity, diagnostic activity, biocompat 
ibility, corrosion, and the like. Active substances that exhibit 
a therapeutic activity can include bioactive agents, pharma 
ceutically active agents, drugs and the like. Non-limiting 
examples of bioactive agents that can be incorporated in the 
compositions, articles and devices of the invention include, 
but are not limited to, bone growth promoting agents such as 
growth factors, drugs, proteins, antibiotics, antibodies, 
ligands, DNA, RNA, peptides, enzymes, vitamins, cells and 
the like, and combinations thereof. 
0032. It is contemplated that additional components may 
be added to the biodegradable, metal alloy-containing com 
positions of the invention provided that the non-toxicity and 
biodegradability of the compositions is maintained within 
acceptable limits. The additional components can be 
selected from a wide variety known in the art and can 
include one or more of cerium, aluminum, strontium, man 
ganese and silver. 
0033. In certain embodiments, aluminum is present in an 
amount of from about 1.0 to 9.0 weight percent based on 
total weight of the composition. In other embodiments, the 
aluminum is present in an amount of about 2.0 weight 
percent based on total weight of the composition. 
0034. In certain embodiments, manganese is present in an 
amount of from about 0.1 to about 1.0 weight percent based 
on total weight of the composition. In other embodiments, 
the manganese is present in an amount of about 0.2 weight 
percent based on total weight of the composition. 
0035. In certain embodiments, silver is present in an 
amount of from about 0.25 to about 1.0 weight percent based 
on total weight of the composition. In other embodiments, 
the silver is present in an amount of about 0.25 weight 
percent based on total weight of the composition. 
0036. In certain embodiments, cerium is present in an 
amount of from about 0.1 to about 1.0 weight percent based 
on total weight of the composition. In other embodiments, 
the cerium is present in an amount of about 0.5 weight 
percent based on total weight of the composition. 
0037. In certain embodiments, strontium is present in an 
amount of from about 1.0 to about 4.0 weight percent based 
on total weight of the composition. In other embodiments, 
the strontium can be present in an about of 3.0 weight 
percent. 
0038. In one embodiment, the biodegradable, metal-alloy 
containing composition includes from about 0.5 weight 
percent to about 4.0 weight percent of ytrium, from greater 
than Zero to about 1.0 weight percent of calcium, from about 
0.25 weight percent to about 1.0 weight percent of silver, 
from about 0.25 weight percent to about 1.0 weight percent 
of Zirconium, and a balance of magnesium, based on total 
weight of the composition. 
0039. In one embodiment, the biodegradable, metal-alloy 
containing composition includes from about 0.5 weight 
percent to about 4.0 weight percent of ytrium, from greater 
than Zero to about 1.0 weight percent of calcium, from about 
0.1 weight percent to about 1.0 weight percent of cerium, 
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from about 0.25 weight percent to about 1.0 weight percent 
of Zirconium, and a balance of magnesium, based on total 
weight of the composition. 
0040. In one embodiment, the biodegradable, metal-alloy 
containing composition includes from about 0.5 weight 
percent to about 4.0 weight percent of ytrium, from greater 
than Zero to about 1.0 weight percent of calcium, from about 
0.25 weight percent to about 1.0 weight percent of silver, 
from about 0.1 weight percent to about 1.0 weight percent of 
cerium, from about 0.25 weight percent to about 1.0 weight 
percent of Zirconium, and a balance of magnesium, based on 
total weight of the composition. 
0041. In one embodiment, the biodegradable, metal 
alloy-containing composition includes from about 1.0 to 
about 6.0 weight percent of zinc, from about 0.25 to about 
1 weight percent of silver, from greater than Zero to about 
1.0 weight percent of Zirconium, and a balance of magne 
sium, based on total weight of the composition. 
0042. In one embodiment, the biodegradable, metal 
alloy-containing composition includes from about 1.0 to 
about 6.0 weight percent of zinc, from about 0.1 to about 1 
weight percent of cerium, from greater than Zero to about 1.0 
weight percent of Zirconium, and a balance of magnesium, 
based on total weight of the composition. 
0043. In one embodiment, the biodegradable, metal 
alloy-containing composition includes from about 1.0 to 
about 6.0 weight percent of zinc, from about 0.25 to about 
1 weight percent of silver, from about 0.1 to about 1 weight 
percent of cerium, from greater than Zero to about 1.0 weight 
percent of Zirconium, and a balance of magnesium, based on 
total weight of the composition. 
0044. In certain embodiments, the compositions of the 
invention are devoid of Zinc and aluminum. In another 
embodiment, the compositions of the invention are devoid 
of aluminum. In still another embodiment, the compositions 
of the invention may contain an amount of Zinc and/or an 
amount of aluminum that is such as to maintain the toxicity 
levels of the compositions within acceptable limits. It is 
known that the presence of Zinc and/or aluminum in par 
ticular amounts can produce an undesirable or unacceptable 
level of toxicity in a physiological environment, Such as a 
body of a patient. 
0045. The biodegradable, metal alloy-containing compo 
sitions of the invention can be prepared using various 
methods and processes. In general, melting and casting 
methods and processes are employed. It is known in the art 
of metallurgy that casting is a production technique in which 
a metal or a mixture of metals is heated until molten and 
then, poured into a mold, allowed to cool, and thereby 
solidify. In certain embodiments, the melted or molten metal 
or mixture of metals is poured into the mild steel/copper 
mold at room temperature to 500° C. 
0046 Casting of the compositions of the invention can be 
affected by using any casting procedure known in the art, 
Such as, but not limited to, sand casting, gravity casting, 
permanent mold casting, direct chill casting, centrifugal 
casting, low/high pressure die casting. Squeeze casting, 
continuous casting. Vacuum casting, plaster casting, lost 
foam casting, investment casting, and lost wax casting. It is 
believed that the particular process used for casting can 
affect the properties and characteristics of the cast compo 
sition. Further, it is believed that the temperature at which 
the melting procedure is performed can also affect the 
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composition. Thus, the temperature may be carefully 
selected so as to maintain the desired composition of the 
alloy. 
0047. In certain embodiments of the invention, yttrium, 
calcium, Zirconium and magnesium components (in speci 
fied amounts described herein) are melted by heating at an 
elevated temperature, preferably under a protective atmo 
sphere, and then poured into a mold, allowed to cool and 
solidify. In another embodiment of the invention, zinc, 
Zirconium and magnesium components (in specified 
amounts described herein) are melted by heating at an 
elevated temperature, preferably under a protective atmo 
sphere, and then poured into a mold, allowed to cool and 
solidify. 
0048. In certain embodiments, prior to solidification, the 
molten mixture is tested to determine the amount of the 
various components therein and therefore, to provide an 
opportunity to adjust the amounts as desired prior to Solidi 
fication. 
0049. In other embodiments, the melting and/or casting 
steps are/is performed under a protective atmosphere to 
preclude, minimize or reduce oxidation/decomposition of 
the components in the composition. In particular, it is 
desirable to preclude, minimize or reduce the oxidation/ 
decomposition of magnesium in the composition. The pro 
tective atmosphere can include compounds selected from 
those known in the art, such as but not limited to, argon, 
sulfur hexafluoride, carbon dioxide, dry air and mixtures 
thereof. 
0050. In yet other embodiments, subsequent to the cast 
ing process, the magnesium-containing cast is Subjected to 
homogenization. Without intending to be bound by any 
particular theory, it is believed that a homogenization treat 
ment can cause the spreading of, or more even or uniform 
distribution of impurities, secondary phase(s), and inter 
metallic phases, if present therein. 
0051. In further embodiments, the resulting cast can be 
Subjected to various forming and finishing processes known 
in the art. Non-limiting examples of Such processes include, 
but are not limited to, extrusion, forging, rolling, equal 
channel angular extrusion, stamping, deep-drawing, wire 
drawing, polishing (by mechanical and/or chemical means), 
Surface treating (to form a Superficial layer on the Surface) 
and combinations thereof. 
0052. The resulting cast can be formed, finished, 
machined and manipulated to produce articles and devices 
for use in medical applications, such as medical devices for 
implantation into a body of a patient. Furthermore, these 
medical devices can be used in orthopedic, craniofacial and 
cardiovascular applications. 
0053 Detailed exemplary procedures for performing the 
melting and casting processes are depicted in the following 
examples. 
0054 The biodegradable, metal alloy-containing compo 
sitions of the invention can be used to produce various 
articles, such as medical devices Suitable for implantation 
into a body of a patient. In preferred embodiments, the 
medical implant devices include orthopedic, craniofacial 
and cardiovascular devices. 
0055 Additional objects, advantages and novel features 
of the invention may become apparent to one of ordinary 
skill in the art based on the following examples, which are 
provided for illustrative purposes and are not intended to be 
limiting. 

Feb. 16, 2017 

EXAMPLES 

Example 1 

1.1 Material Preparation 

0056 Ingots of elemental magnesium (99.97% pure from 
U.S. Magnesium, Inc.), calcium (99.5% pure from Alfa 
Aesar) and magnesium-yttrium master alloy (4 wit. '% 
yttrium from GKSS in Germany) were weighed according to 
the nominal composition. The ingots were melted together in 
a graphite crucible (200 g batch) inside a quartz tube of a 
vacuum induction furnace to preclude oxidation of the pure 
elements. The graphite crucible preloaded with batch and the 
quartz tube assembly were purged with UHP argon several 
times and vacuumed Subsequently to achieve a moisture-free 
environment prior to induction melting. The induction melt 
ing then was conducted and repeated several times in order 
to achieve compositional homogeneity. The initial alloy 
produced by the induction melting was cleaned thoroughly 
from any residue or oxide scale and re-melted Subsequently 
in a mild steel crucible using an electrical resistance furnace 
(from Wenesco, Inc.). The melting and pouring temperature 
was about 700° C., and once the temperature was reached, 
an equivalent amount of Zirconium was added using Zir 
max(R) (Mg 33.3% Zr) master alloy (from Magnesium 
Elektron, LTD.). The liquid melt was stirred for about 10 
seconds after 1-minute and 5-minute intervals to dissolve 
and disperse the Zirconium particles uniformly into the melt. 
The melt was held for about 30 minutes at 700° C. and then 
poured onto a copper mold (1.5"x0.5") and a steel mold 
(2.0"x 1.5") at room temperature. The as-cast samples were 
solution treated (“T4) at 525°C. for about 2 hours inside a 
tubular furnace covered with magnesium gettered powder 
under a protective atmosphere of argon and Sulfur hexafluo 
ride, and then quenched into water. Thin square plates (10x 
10x1 mm) of samples were sectioned (using a Buehler 
Precision Saw Simplimet 1000) from the qs-cast and the T4 
samples, and were characterized by X-ray diffraction (XRD) 
using Philips XPERT PRO system employing the CuKO. 
(=1.54056A) radiation operated at 45 kV and 40 mA to 
determine the phase evolution and formation. The thin plate 
samples from the as-cast and T4 conditions were also used 
for electrochemical corrosion, cytotoxicity and cell adhesion 
tests. Each square plate sample was mechanically grinded 
and polished to 2000 grit; ultrasonically cleaned in acetone, 
absolute ethanol and distilled water; and then dried in a 
vacuum oven at a temperature of 50° C. For cytotoxicity 
tests, samples were sterilized by ultraviolet radiation for 
about 1 hour. 

1.2 Cytotoxicity Test 

0057. A murine osteoblastic cell line (MC3T3-E1) was 
obtained from American Type Culture Collection (ATCC, 
Rockville, Md.) and used in the in vitro experiment to 
determine the viability of cell attachment to WXK 10 alloys. 
The cells were cultured in Modified Eagle's Medium alpha 
(CMEM), 10% Fetal Bovine Serum (FBS), 100 U. ml 
penicillin and 100 g ml streptomycin, and incubated at a 
temperature of 37°C. in a humidified atmosphere with 5% 
CO. The alloy samples were incubated in MEM for about 
10 minutes after which the cells were seeded on the as-cast 
and T4 samples, as well as, as-rolled AZ31 control samples, 
at a cell density of 4x10" cells/well. After 24 hours of 
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culturing at 37°C. in a humidified atmosphere with 5% CO, 
the media was removed and the live/dead cell viability assay 
was performed using a commercially available kit (obtained 
from Invitrogen Corporation, Karlsruhe, Germany). This kit 
was designed to determine the viability/cytotoxicity of cells 
by differentiating between live and dead cells with fluores 
cence microscopy of two different colors. The live/dead 
solution was composed of PBS, ethidium homodimer-1 
(EthD-1) and calcein AM. After incubation in the live/dead 
Solution for about 30 minutes at room temperature, images 
of the live and dead cells were captured using fluorescence 
microscopy. The excitation wavelength of 495 nm was used 
for the fluorescence imaging microscopy. The live cells were 
observed as green (515 nm) fluorescent by enzymatic con 
version of calceiin AM to labeled calcein. The dead cells 
were displayed as red (635 nm) by fluorescence enhance 
ment upon entering and binding Eth)-1 to nucleic acid due 
to low membrane integrity. 

1.3 Direct Cell Adhesion Test 

0058. Following the live/dead cytotoxicity test, the 
samples were rinsed in Phosphate Buffer Solution (PBS, 
pH-7.4), fixed in 2.5% glutaraldehyde solution for about 15 
minutes at room temperature, rinsed 3 times with the PBS, 
followed by dehydration in a gradient ethanol/PBS mixture 
(30%, 50%, 70%, 90%. 95%, 100%) for about 10 minutes 
each and then, dried. The surface of the cell attached 
samples were observed using Philips XL-30 FEG scanning 
electron microscopy (SEM). 

1.4 Results 

0059 A XRD pattern was generated of the Mg 1% 
Y 0.6% Ca–0.4% Zr alloy (WXK11) cast into two dif 
ferent molds (i.e., Cu mold and steel mold). It was evident 
from the XRD pattern that only the O.-Mg phase formed 
during Solidification. During alloy design, the alloying addi 
tions (Y. Ca) were chosen within their maximum solid 
solubility limits according to the established phase diagrams 
to minimize the microgalvanic corrosion path in the bio 
logical environment of CDMEM primarily between the 
matrix and the secondary phase(s). The maximum solid 
solubility of calcium is 1.12 wt % at 517°C. and for yttrium, 
11.4 wt % at 567.4°C. The XRD pattern clearly showed the 
formation of C.-Mg without any traces of intermetallics 
during Solidification of the liquid melt from the pouring 
temperature (700° C.). Similarly, XRD analysis of the 
samples which were solution treated at an elevated tempera 
ture (525°C.) for about 2 hours also confirmed the absence 
of any secondary phase(s) and predominantly, the XRD line 
patterns were indexed with C.-Mg. 
0060. The osteoblastic MC3T3-E1 cells were cultured in 
direct C.MEM for 24 hours and then, stained with calcein 
AM and Ethl)-1. It was evident upon observation that the 
number of cells cultured in the negative control cell culture 
dish and the rolled AZ31 plates remained live after about 24 
hours with few dead cells stained in red. However, the cell 
density decreased in rapid manner in the AZ31 plates which 
suggested that ionic dissolution, e.g., of Mg" and Ca", 
likely started early with a slight increase in pH value 
recorded from 7.5 to 8. The WXK10 samples which were 
cast into two different molds showed improved results when 
compared with AZ31 as the cell density was more evenly 
distributed. The solution treated (T4) sample showed an 
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appreciable increase in the cell density covering most of the 
Surface as compared to the as-cast samples. There was no 
significant difference in the shape of the viable cells (green) 
between the control and the studied samples groups. Only a 
few apoptotic cells (red fluorescence bound to nucleic acids) 
were seen in each group. 

Example 2 

2.1 Material Preparation 

0061 Ingots of elemental magnesium (99.97% pure from 
U.S. Magnesium, Inc.), Zinc (99.99% pure from Alfa-Aesar) 
were melted together in a mild steel crucible inside an 
electrical resistance furnace (Wenesco Inc.). A typical melt 
size was 200 g. The melt was covered with a protective gas 
atmosphere (0.5% SF6 with the balance Ar) to prevent 
magnesium burning. Once the desired pouring temperature 
(700° C.) was reached, an equivalent amount of zirconium 
was added using Zirmax(R) (Mg 33.3% Zr) master alloy 
(from Magnesium Elektron, LTD.). The liquid melt was 
stirred for about 10 seconds after 1-minute and 5-minute 
intervals to dissolve and disperse the Zirconium particles 
uniformly into the melt. The melt was held for about 30 
minutes at 700° C. and then poured onto a copper mold 
(1.5"x0.5") at room temperature. The as-cast samples were 
solution treated (“T4) at 350° C. for about 1 hour inside a 
tubular furnace under a protective atmosphere of gettered 
argon and Sulfur hexafluoride, and then quenched into water. 
Thin square plates (10x10x1 mm) of samples were sec 
tioned (using a Buehler Precision Saw Simplimet(R) 1000) 
from the as-cast and the T4 samples, and were characterized 
by X-ray diffraction (XRD) using Philips XPERT PRO 
system employing the CuKO (-1.54056A) radiation oper 
ated at 45 kV and 40 mA to determine the phase evolution 
and formation. The thin plate samples from the as-cast and 
T4 conditions were also used for electrochemical corrosion, 
cytotoxicity and cell adhesion tests. Each square plate 
sample was mechanically grinded and polished to 2000 grit; 
ultrasonically cleaned in acetone, absolute ethanol and dis 
tilled water; and then dried in a vacuum oven at a tempera 
ture of 50° C. For cytotoxicity tests, samples were sterilized 
by ultraviolet radiation for about 1 hour. 

2.2 Cytotoxicity Test 

0062. A murine osteoblastic cell line (MC3T3-E1) was 
obtained from American Type Culture Collection (ATCC, 
Rockville, Md.) and used in the in vitro experiment to 
determine the viability of cell attachment to ZK40 alloys. 
The cells were cultured in Modified Eagle's Medium alpha 
(CMEM), 10% Fetal Bovine Serum (FBS), 100 U. ml 
penicillin and 100 Lig ml streptomycin, and incubated at a 
temperature of 37°C. in a humidified atmosphere with 5% 
CO. The alloy samples were incubated in CMEM for about 
10 minutes after which the cells were seeded on the as-cast 
and T4 samples, as well as, as-rolled AZ31 control samples, 
at a cell density of 4x10" cells/well. After 24 hours of 
culturing at 37°C. in a humidified atmosphere with 5% CO, 
the media was removed and the live/dead cell viability assay 
was performed using a commercially available kit (obtained 
from Invitrogen Corporation, Karlsruhe, Germany). This kit 
was designed to determine the viability/cytotoxicity of cells 
by differentiating between live and dead cells with fluores 
cence microscopy of two different colors. The live/dead 
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solution was composed of PBS, ethidium homodimer-1 and 
calcein AM. After incubation in the live/dead solution for 
about 30 minutes at room temperature, images of the live 
and dead cells were captured using fluorescence microscopy. 
The excitation wavelength of 495 nm was used for the 
fluorescence imaging microscopy. The live cells were 
observed as green (515 nm) fluorescent by enzymatic con 
version of calceiin AM to labeled calcein. The dead cells 
were displayed as red (635 nm) by fluorescence enhance 
ment upon entering and binding Eth)-1 to nucleic acid due 
to low membrane integrity. 

2.3 Direct Cell Adhesion Test 

0063. Following the live/dead cytotoxicity test, the 
samples were rinsed in Phosphate Buffer Solution (PBS, 
pH-7.4), fixed in 2.5% glutaraldehyde solution for about 15 
minutes at room temperature, rinsed 3 times with the PBS, 
followed by dehydration in a gradient ethanol/PBS mixture 
(30%, 50%, 70%, 90%. 95%, 100%) for about 10 minutes 
each and then, dried. The surface of the cell attached 
samples were observed using Philips XL-30 FEG scanning 
electron microscopy (SEM). 

2.4 Results 

0064. A XRD pattern was generated of the Mg 4% 
Zn 0.5% Zr alloy (ZK40) cast into a copper mold. It was 
evident from the XRD pattern that only the C-Mg phase 
formed during Solidification. The amount of Zinc added was 
within the maximum solubility limit of zinc, i.e., 6.2 wt % 
at a temperature of 341° C. according to the accepted phase 
diagram. The Zinc dissolved into the C-Mg lattice increased 
the Solid-solution strengthening of the alloy. 
0065. The osteoblastic MC3T3-E1 cells were cultured in 
direct C.MEM for 24 hours and then stained with calcein 
AM and Eth)-1. It was evident that the number of cells 
cultured in the negative control cell culture dish and the 
rolled AZ31 plates remained live after about 24 hours with 
few dead cells stained in red. However, the cell density 
decreased in rapid manner in the AZ31 plates which Sug 
gested that ionic dissolution, e.g., of Mg" and Ca", likely 
started early with a slight increase in pH value recorded from 
7.5 to 8. The ZK40 sample which was cast into the copper 
mold, as well as the heat-treated one (300° C. 1 hour) 
showed improved results when compared with AZ31 as the 
cell density was more evenly distributed. There was no 
significant difference in the shape of the viable cells (green) 
between the control and the studied samples groups. Only a 
few apoptotic cells (red fluorescence bound to nucleic acids) 
were seen in each group. 
0066. The morphology of the MC3T3-E1 cells was 
observed at different magnifications (100x, 200x, 1000x, 
2000x) after 24 hour incubation in the CMEM medium after 
fixing the cells in 2.5% glutaraldehyde solution for about 15 
minutes. The cells were attached to the surface of the sample 
and it was evident that cells started growing. The cell 
spreading was uniform with filopodium and lammelipodium 
formations which Suggested that the as-cast sample was 
stable in the bio-corrosive environment for cell growth and 
proliferation. 

Example 3 

0067. In this example, yttrium (Y), calcium (Ca), Zinc 
(Zn), silver (Ag) and Zirconium (Zr) were alloyed in Solid 
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Solution with magnesium (Mg) to create new Mg alloys. It 
is believed that Y contributed to grain boundary strength 
ening of the magnesium alloys as well as improving corro 
sion resistance with Y content above 3%, Ca improved 
corrosion resistance and mechanical properties of pure Mg 
up to 1 wt % Ca, Silver (Ag) provided anti-microbial 
properties, and Zr served as an effective grain refining agent, 
imparting grain boundary strengthening and corrosion resis 
tance. Density functional theory has shown alloying with Ca 
and Y help to form a stable and chemically less reactive 
hydroxide layer to impart greater corrosion resistance. The 
alloys in this example, Mg 1Y 0.6Ca—0.4Zr (wt.%), 
denoted henceforth as WXK11 (codified according to ASTM 
B275-05), and Mg 4Y 0.6Ca–0.4Zr (wt.%), denoted 
henceforth as WXK41, were assessed based on their bio 
compatibility, corrosion behavior, and mechanical properties 
with the objective of use in orthopedic medical implants. 
Biocompatibility was determined in vitro using direct and 
indirect cell viability tests. Corrosion behavior was evalu 
ated electrochemically and using hydrogen evolution. 
Mechanical properties were measured by both compressing 
and tensile loading. The novel alloys were compared in their 
as-cast and T4 solution heat treated conditions, exhibiting 
improved biocompatibility, corrosion resistance, and 
mechanical properties as compared to pure Mg. 

3.1 Material Preparation and Characterization 
0068 Novel magnesium, Mg-based polycrystalline, 
amorphous alloys were developed using conventional grav 
ity/permanent mold casting, high energy mechanical mill 
ing, powder metallurgy and pulsed laser deposition tech 
nique. The alloying elements (Zn, Ca, Y. Ce, Ag, Zr, Al. 
MnSr) were carefully selected based on the first principle 
theoretical calculation using Vienna ab-initio Simulation 
Package (VASP) and composition was selected keeping the 
constituent Solute elements (Zn, Ca, Y. Ce, Ag, Zr, Al, Mn, 
Sr) within the maximum solid solubility (Cs) limit at the 
liquidus temperature (T) of the established phase diagrams 
to impart an equiaxed microstructure. The following com 
positions were explored in developing novel polycrystalline 
magnesium alloys: ZK series: Mg 1-6% Zn. 0.25-1% Zr, 
ZQK series: Mg 1-6% Zn. 0.1-1% Ag 0.25-1% Zr, 
ZQEK series: Mg 1-6% Zn 0.1-1% Ag 0.1%-1% 
Ce 0.25-1% Zr, WXK series: Mg 1-4% Y 0.3-1% 
Ca–0.25-1% Zr, WXQK series: Mg-1-4% Y 0.3-1% 
Ca–0.1-1% Ag 0.25-1% Zr, WXEK series: Mg 1-4% 
Y 0.3-1% Ca–0.1-1% Ce 0.25-1% Zr, WXQEK series: 
Mg-1-4% Y 0.3-1% Ca–0.1-1% Ag 0.1-1% Ce 0. 
25-1% Zr, AZXM series: Mg 1-9% Al 0.5-6% Zn. 0.3- 
1% Ca–0.1-1% Mn, AZXMQ series: Mg-1-9% Al 0.5- 
6% Zn. 0.3-1% Ca–0.1-1% Mn 0.1-1% Ag, AZXMW 
series: Mg 1-9% Al 0.5-6% Zn. 0.3-1% Ca–0.1-1% 
Mn-1-4% Y. AZXMEseries: Mg-1-9% Al 0.5-6% 
Zn 0.3-1% Ca 0.1-1% Mn 0.1-1% Ce JX Series: 
Mg 1-4% Sr 0.3-1% Ca alloys, JZ series: Mg 1-4% 
Sr—1-6% Zn alloys, JZX series: Mg 1-4% Sr—1-6% 
Zn 0.3-1% Ca alloys, JZQX: Mg-1-4% Sr—6% ZnO.1- 
1% Ag 0.3-1%/Ca alloys, JZXQEseries: Mg 1-4% 
Sr—6% ZnO.1-1% Ag 0.3-1% Ca–0.1-1% Ce, JZXQW: 
Mg 4% Sr-1-6% ZnO.1-1% Ag 0.3-1% Ca1-4% Y 
0069 Pure elemental ingots of Mg (US Magnesium Inc., 
Salt Lake City, Utah, 99.97%), Ca shots (Alfa-Aesar, Ward 
Hill, Mass., 99.5%), Zn granules (Alfa-Aesar 99.99%), Al 
shots (Alfa-Aesar 99.99%), Mn shots (Alfa-Aesar 99.9%), 
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Ag (Alfa-Aesar 99.95%), Mg 5 wt % Ce master alloy, and 
Mg 4 wt % Y master alloy (Helmholtz-Zentrum Geest 
hacht Centre for Materials and Coastal Research, Germany) 
at varying compositions discussed above were weighed 
according to the nominal composition and melted together in 
a graphite crucible inside an induction furnace (MTI Cor 
poration, Richmond, Calif.), purged with ultrahigh-purity Air 
and vacuumed to avoid oxidation of the pure elements. The 
initial alloy produced by induction melting was cleaned 
thoroughly from any residue or oxide scale and re-melted 
Subsequently in a mild steel crucible using an electrical 
resistance furnace (Wenesco Inc., Chicago, Ill.) under the 
protection of Ar-1.5% SF6 cover gas. The melting and 
pouring temperature was between 700-850° C., and once the 
temperature was reached, an equivalent amount of Zirco 
nium was added using Zirmaxe (Mg 33.3% Zr) master 
alloy (Magnesium Elektron Ltd., Manchester, UK). The melt 
was stirred and held for 30-60 minutes and then poured into 
a cylindrical steel mold preheated to a temperature of 
300-500° C. with an inner diameter of 44 mm. The as-cast 
samples were solution treated (T4) at a temperature of 
300-550° C. for a period of 2-24 hours inside a tubular 
furnace covered under continuous Ar flow and quenched in 
water. A few selected alloys were also artificially aged (T6 
treatment) in an oil bath between a temperature of 150-300 
C. for a period of 12-72 hours. The alloy nominal compo 
sitions, determined by inductively coupled plasma optical 
emission spectroscopy (ICP-OES, iCAP duo 6500 Thermo 
Fisher, Waltham, Mass.), are listed in Table 1. 

TABLE 1. 
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0071 Phase characterization was conducted by X-ray 
diffraction (XRD) using Philips XPert PRO diffractometer 
employing CuK (-1.54056A) radiation with a Si-detector 
(Xcelerator). The X-ray generator operated at 45 kV and 40 
mA at a 20 range of 10-90°. Samples were mechanically 
ground and polished up to 1200 grit, ultrasonically cleaned 
in isopropyl alcohol, and air dried. For cytotoxicity tests, 
samples were sterilized by ultraviolet radiation for 1 hour. 

3.2 Microstructure Characterization 

(0072 Square plate samples of the ZK, WXK, WXQK 
alloy series were mounted in epoxy (EpoxiCure, Buehler), 
mechanically polished (Tegramin-20, Struers, Ballerup, 
Denmark), and chemically etched in a solution of 5 mL, 
acetic acid, 6 g picric acid, 10 mL water, and 100 mL 
ethanol. The microstructure was observed under an optical 
microscope (Axiovert 40 MAT, Carl Zeiss, Jena, Germany). 

3.3 Mechanical Properties 
0073 Samples were machined along the long axis of the 
various alloy ingots in accordance with ASTM-E8-04 for 
tensile testing and ASTM-E9-09 for compressive testing. 
Sample dimensions for tensile and compressive testing were 
as follows: Standard dogbone specimens (tensile measure 
ments: gauze length: 12.3 mm, gauze cross-section: 3 mmx3 
mm); (compressive measurements: 10 mm diax20 mm 
length). Tensile and compressive stress-strain curves were 
obtained for as-cast and T4 solution treated alloys, and 

Chemical Composition Obtained from ICP-AES Analysis of Mg Y Ca–Zr, Mg Zn-Zr, 
and Mg Y—Ca—Ag Zr Alloys (wt.%) 

Chemical compositions (wt.%) 

Alloy Y Ca Zr Cu Fe Mn N Si Mg 

(WXK11) O66 O.O3 O.S2O1 0.13 - 0.004 0.016 0.003 0.008 0.008 0.006 Balance 
Mg-1Y 0.6Ca–0.4Zr 
(WXK41) 3.28 O.OO1 O42 O.OO2 O.O8 O.OO1 0.015 0.014 0.006 0.003 0.007 Balance 
Mg 4Y 0.6Ca–0.4Zr 

Chemical compositions (wt.%) 

Alloy Zn Zr Cu Fe Mn N Si Mg 

(ZK40) Mg 4Zn–0.5Zr 4.28 O.11 O.36 O.OO8 OO14 O.OO2 O.OO3 OO18 O.OO7 Balance 

Chemical compositions (wt.%) 

Alloy Y Ca Ag Zr Cu Fe Mn N Mg 

(WXQK11) 0.51 - 0.017 0.49.022 0.21 - 0.005 0.182 0.018 0.014 0.004 0.008 0.010 Balance 

I0070 Square plate samples (10x10x1 mm) were sec 
tioned using a diamond saw (Precision Saw Simplimet 1000, 
Buehler, Lake Bluff, Ill.) from the as-cast and the T4 samples 
for phase and microstructure characterization, electrochemi 
cal corrosion, and direct in vitro cell culture studies. Rod 
samples of 6 mm diameter and 6 mm length were machined 
indirect in vitro cell studies. Rod samples of 10 mm diameter 
and 20 mm length were machined for compressive tests. 
AS-cast Mg (US Magnesium, Inc.) was used as a compari 
SO. 

compared to as-cast pure Mg. The tensile and compressive 
tests were conducted at room temperature at a cross-head 
speed of 2 mm/min using an Instron universal testing system 
with laser extensometer by OrthoKinetic(R) Testing Tech 
nologies. Yield strength (YS), Ultimate Tensile Strength 
(UTS), Young's modulus (E) during compression and ten 
Sion, percent elongation (%), compressive yield strength, 
compressive peak strength, percent compression of various 
alloys was determined from the stress-strain curves. The 
tensile and compressive yield strengths were determined 
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from the linear portion of the stress-strain curve during the 
tensile and compressive tests. 

3.4 Electrochemical Corrosion Test 

0074) To test corrosion of the ZK, WXK, WXQK alloys, 
the potentiodynamic polarization technique was used. 
Samples were connected to a copper wire using silver epoxy 
and mounted in epoxy resin. The mounted samples were 
mechanically polished, Sonicated in isopropyl alcohol, and 
dried in air. The potentiodynamic corrosion study was 
carried out with an electrochemical workstation (CH-604A, 
CH Instruments, Inc., Austin, Tex.) at a scanning rate of 1 
mV/s and potential window of 500 mV above and below the 
open circuit potential. A three electrode cell was employed 
with platinum as the counter electrode, Ag/AgCl as the 
reference electrode, and the sample mounted in epoxy resin 
as the working electrode. The test was performed in Dul 
becco's Modified Eagle Medium (DMEM, with 4.5 g/L 
glucose, L-glutamine, and Sodium pyruvate, Cellgro, 
Manassas, Va.) supplemented with 10% fetal bovine serum 
(FBS) at pH 7.2+0.2 and held at 37.4° C. Before each 
measurement, the sample was immersed in DMEM to pro 
vide stability. The cathodic and anodic portions of the 
generated Tafel plots were fit linearly to allow calculation of 
corrosion potential, E, and corrosion current density, 
i. Samples were cleaned by immersion in 200 g/L of 
chromic acid and 10 g/L of AgNO, for 10 minutes to remove 
corrosion products and corrosion morphology was charac 
terized using SEM and EDX. 

3.5 Immersion Corrosion Test (Weight Loss) 

0075. Immersion tests were carried out in conformation 
with ASTM G31-72 (the ratio of surface area to solution 
volume was 1 cm: 20 ml). Samples were removed after 1 
and 3 weeks of immersion, rinsed with distilled water and 
dried at room temperature. The samples were cleaned by 
immersion in 200 g/L of chromic acid and 10 g/L of AgNO 
for 10 minutes to remove corrosion products and the deg 
radation rates (in units of mm/year) were obtained according 
to ASTM-G31-72. The corrosion rate is given by Eq. (1): 

Corrosion rate=(KxW)/(AxTxD) Eq. (1) 

(0076 wherein the coefficient K-8.76x10, W is the 
weight loss (g), A is the sample area exposed to Solution 
(cm), T is the exposure time (h) and D is the density 
of the material 

(g cm). The pH value of the solution was also recorded 
during the immersion tests. 

3.6 Indirect Cytotoxicity Tests 

0077. ZK, WXK, WXQKalloy samples and as-cast pure 
magnesium were polished up to 1200 grit, ultrasonically 
cleaned in isopropyl alcohol, air dried, and sterilized by 
ultraviolet radiation for 1 hour. The specimens were incu 
bated in modified Eagle's medium alpha (CMEM) supple 
mented with 10% fetal bovine serum (FBS), 100 U/ml 
penicillin, and 100 ug/ml Streptomycin at a temperature of 
37°C. in a humidified atmosphere with 5% CO, for a period 
of 72 hours. The sample weight to extraction medium ratio 
was 0.2 g/mL in accordance with the EN ISO standard 
10933:12. This extraction ratio was designated as 100% 
extract, with less concentrated extracts prepared by diluting 
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the 100% extract into 50%, 25%, and 10% extract solutions. 
Extracts were sterile filtered using 0.2 um syringe filter 
before being added to cells. 
(0078. The murine osteoblastic cell line (MC3T3-E1, 
American Type Culture Collection, Rockville, Md.) was 
used in in vitro cell cytotoxicity experiments, cultured in 
modified Eagle's medium alpha (CMEM), 10% fetal bovine 
serum, 100 U/ml penicillin and 100 ug/ml streptomycin at a 
temperature of 37°C. in a humidified atmosphere with 5% 
CO. The cells were seeded in 96-well cell culture plates at 
6x10 cells/200ul medium in each well and incubated for 24 
hours to attach before adding the extraction medium. The 
controls used culture medium without extract as the negative 
control and 10% DMSO culture medium as the positive 
control. The medium was then replaced with 200 ul of 
extraction medium at 100%, 50%, 25%, and 10% extract 
concentrations and incubated under cell culture conditions 
for 3 days. The cytotoxicity of the corrosion extracts were 
tested using the MTT assay. Media and extracts were 
replaced with fresh cell culture medium to prevent interfer 
ence of the magnesium in the extract from interacting with 
the tetrazolium salt. The MTT assay was performed accord 
ing to the Vybrant MTT Cell Proliferation Kit (Invitrogen 
Corporation, Karlsruhe, Germany) by first adding 10 ul of 
12 mM 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo 
lium bromide (MTT) dissolved in phosphate buffer solution 
(PBS, pH=7.4) to each well. The samples were incubated at 
a temperature of 37° C. with MTT for 4 hours, after which 
100 ul formazan solubilization solution (SDS-HCl solution) 
was added to each well and incubated for 12 hours. The 
absorbance of the samples was measured using the Synergy 
2 Multi-Mode Microplate Reader (BioTek Instruments, 
Winooski, Vt.) at a wavelength of 570 nm. The absorbance 
of the samples was divided by the absorbance of the mean 
positive control Subtracted from the mean negative control 
to determine percent viability of cells compared to the 
controls. 

3.7 Direct Cell Viability and Adhesion Test 

(0079 MC3T3-E1 cells were cultured directly on ZK40, 
WXK11, WXK41, WXOK11 alloys and as-cast pure mag 
nesium. Cell culture conditions and media were the same as 
in the indirect cytotoxicity test. Samples were cut to dimen 
sions of 10 mmx10 mmx1 mm and polished up to 1200 grit, 
ultrasonically cleaned in acetone, air dried, and sterilized by 
ultraviolet radiation for 1 hour. The alloy samples were 
incubated in CMEM with 10% fetal bovine serum (FBS), 
100 U/ml penicillin, and 100 g/ml streptomycin for 10 
minutes after which cells were seeded on the samples at a 
cell density of 4x10" cells/mL. Viability of the seeded cells 
was evaluated at 1 and 3 days using the LIVE/DEAD 
Viability/Cytotoxicity Kit (Invitrogen Corporation, 
Karlsruhe, Germany) following manufacturer protocol. This 
kit determines the viability/cytotoxicity of cells by differ 
entiating between live and dead cells with fluorescence 
microscopy of two different colors. Briefly, the alloy 
samples with attached MC3T3-E1 cells were washed with 
PBS and stained for 30 minutes at room temperature with 2 
umol/L ethidium homodimer-1 and 4 umol/L calcein AM in 
PBS. After incubation in the Live/Dead solution for 30 
minutes in room temperature, live and dead cells images 
were captured using fluorescence microscopy. 
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3.8 Results 

0080) XRD patterns of the ZK40, WXK11, WXK41 and 
WXQK11 in as-cast and solution treated (T4) condition 
were generated. The XRD patterns clearly showed all the 
alloys were composed of C-Mg with an hcp crystal structure, 
without the presence of unalloyed Y. Ca, Zn, Zr and other 
intermetallic compounds. The XRD patterns clearly showed 
that only C-Mg solid solution single phase was formed 
during Solidification in the final microstructures. During 
alloy design, the alloying elements e.g., (Y, Ca, Zn, Zr) were 
carefully selected within the solid solubility limits at the 
liquidus temperature (T) of the phase diagrams with the 
consideration that the final microstructure should be free of 
any 2" phase/intermetallic phases along the grain boundary 
regions which are highly cathodic in nature and accelerate 
microgalvanic corrosion in a suitable physiological environ 
ment primarily between the matrix and the secondary phase 
(s). Chemical composition of each of the alloys was deter 
mined by ICP-AES analysis. Table 1 showed that the actual 
composition of each alloy was within its nominal composi 
tion. However, slight decrease in the yttrium, calcium, and 
Zinc was likely due to a re-melting process. It was believed 
that the loss in total Zirconium content was primarily due to 
settling of large Zirconium particles and clusters in the liquid 
melt. The impurity content of each of the alloy compositions 
was very low ensuring improved biocompatibility and deg 
radation properties. 
I0081. Optical micrographs of ZK40, WXQK11, WXK11 
and WXK41 alloys in the as-cast and solution treated 
conditions were generated. The grain size was calculated 
using a linear-intercept method ASTM E112. The average 
grain size of ZXK40, WXQK11, WXK11, WXK41 alloys in 
as-cast condition were 60 um, 130 um, 110 um, 80 um, 
respectively, with the presence of uniform equiaxed C-Mg 
grains throughout the microstructure. However, the slight 
presence of secondary phase(s) was also evident along the 
grain boundary due to second phase(s) precipitates during 
Solidification which is a common phenomenon during cast 
ing. The WXK as-cast ingot samples were Subjected to 
solution heat treatment at elevated temperature (525 C.—6 
hours) followed by quenching in water to impart a more 
uniform, homogeneous microstructure. The microstructure 
after T4 treatment of WXK11, WXK41 alloys showed that 
there was a slight increase in grain size likely due to 
coalescence of Smaller grains together along the triple point 
grain boundary regions and formation of Supersaturated 
C.-Mg grains after the precipitates dissolved into the matrix. 
0082 Table 2 summarizes the mechanical properties of 
the as-cast and T4 treated alloys herein as compared with 
commercial AZ31 and pure Mg. Table 2 shows the Young's 
modulus of the new alloys (E-64 GPa for ZK40, 51 GPa for 
WXK11, 38 GPa for WXK41, 51 GPa for WXQK1) were 
comparable with commercial AZ31 sheet (55 GPa) suggest 
ing that the stiffness of the alloys are sufficient for orthope 
dic fixation and craniofacial and cardiovascular device 
applications. However, the new alloys demonstrated Surpris 
ingly low value in the yield strength, and ultimate tensile 
strength as compared to AZ31. It is believed that a potential 
reason for low value in tensile strength was the presence of 
casting defects/inclusion in the microstructure. In order to 
improve the strength and ductility, the alloys were solution 
treated at elevated temperature and immediately quenched 
into water to improve the ductility and better shape forming 
ability in expense of mechanical strength. Although there 
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was a slight increase in elongation, a drastic drop in yield 
strength and tensile strength was evident. 

TABLE 2 

Mechanical Properties of As-Cast and T4 Treated Alloys 

Ultimate Com- Percent 
Young's Yield Tensile pressive Elonga 
Modulus Strength Strength Strength tion 

Alloy (GPa.) (MPa) (MPa) (MPa) (%) 

Commercial AZ31 55 2O2 268 409 12 
Pure Mg 5 19 66 18O 7 
ZK40 as-cast 64 96 176 363 4 
ZK4O T4 68 92 83 355 1.5 
WXK11-as cast 51 72 123 296 3 
WXK11-T.4 49 45 106 226 4 
WXK41-as cast 38 89 162 306 6 
WXK41-T4 34 44 83 227 3.5 
WXQK11-as cast 53 63 130 3OO 4 
WXQK11-T.4 33 45 114 284 6.6 

I0083. The potentiodynamic corrosion behavior of the 
ZK40, WXK11, WXK41, and WXQK11 alloys in as-cast 
and Solution treated condition along with as-cast pure Mg 
was studied extensively under physiological condition. The 
potentiodynamic polarization curves (Tafel plot) of the 
various samples and pure Mg, recorded at a scan rate of 1 
mV/s in the presence of DMEM, were plotted. The cathodic 
branch of the tafel plot showed the hydrogen evolution 
through a reduction process whereas the anodic branch 
represented the magnesium dissolution by oxidation. The 
cathodic plateaus of pure Mg Suggested that the hydrogen 
evolution started at 1.7 V. However, the calculation of 
corrosion current density, it tabulated in Table 3, clearly 
showed that the corrosion current density of the ZK40, 
WXK11, WXK41, and WXQK11 alloys were comparable to 
pure Mg (30.68 Acm) and commercial rolled AZ31 sheets 
(19.20A cm). The corrosion potential, E. of the ZK40, 
WXK11, WXK41, WXQK11 were 500 mV higher com 
pared to pure Mg, which indicated that the samples were 
more stable in DMEM, due to formation of a protective film 
of corrosion product and Subsequent passivation of the 
samples. One noticeable difference was the decrease in the 
icon Value of Solution treated Samples compared to as-cast 
samples (see Table 3) likely due to formation of supersatu 
rated phase and reduction in the Volume fraction of second 
ary phase(s) observed along the grain boundary which can 
act as cathodic sites for corrosion and also the presence of 
Zn, Y, Zr which are able to elevate the corrosion potential in 
the anodic sites resulted improve corrosion rate. The present 
corrosion study clearly showed that the current alloys are 
stable in aggressive physiological condition. 

TABLE 3 

Electrochemical Corrosion Measurements (Using 
Tafel Plots) Data of Various Alloy 

Corrosion potential, 
E. (V) vs. Corrosion current Corrosion 
Ag AgCl density, i. rate 

Material (R.E.) (LA cm) (mm year) 

Pure Mg -1.62 30.68 O.70 
Commercial AZ31 -1.48 1920 O.43 
ZK40 as-cast -1.49 39.69 O.90 
ZK4O T4 -155 39.32 O.87 



US 2017/0044645 A1 

TABLE 3-continued 

Electrochemical Corrosion Measurements (Using 
Tafel Plots) Data of Various Alloy 

Corrosion potential, 
E. (V) vs. Corrosion current Corrosion 
Ag AgCl density, i. rate 

Material (R.E.) (LA cm ) (mm year) 

WXK11 as-cast -1.51 36.42 O.84 
WXK11 T4 -1.41 5.70 O.13 
WXK41 as-cast -1.56 16.70 O.S 
WXK41 T4 -1.54 S.22 O.12 
WXQK11 as-cast -1.61 58.88 1.35 

0084. The SEM micrographs of corroded surface of the 
samples where the corrosion product was cleaned with 
CrO/AgNO solution were generated. It was evident from 
the SEM micrographs that corrosion was localized and 
possibly occurred in the weak grain boundary region which 
is prone to attack under physiological condition. Formations 
of Small localized cavities throughout the microstructures 
clearly gave indication that alloy purity and presence of 
secondary phase/defects are related to controlling and mini 
mizing the degradation rate. 
0085. The immersion corrosion plot for ZK40 as-cast and 
solution treated samples, and for a period of 1 week and 3 
weeks, respectively were generated. The corrosion rate was 
in good agreement with potentiodynamic polarization data 
(Table 3). However, the exact reason for an increase in 
corrosion rate over a period of 3 weeks was not clear. 
I0086. The indirect cytotoxicity results of ZK40 samples 
were obtained using MC3T3-E1 cells and the MTT assay for 
3 days extract. For both culture periods, cell viability was 
most reduced with 100% extract concentration, and 
increased as the extract percentage decreased, with no 
cytotoxicity (>75% viability) observed at 50% or 25% 
extract concentration. This was consistent with previous 
findings that showed high extract concentrations were highly 
cytotoxic and led to osmotic shock, Suggesting that a 10-fold 
extract dilution be used for as-cast magnesium materials. 
I0087 Cell viability was also studied for WXK11 and 
WXK41 samples for as-cast and T4 condition with the 1 and 
3 days culture time with extracts. After 1 day of culture with 
extract, both WX11 and WX41 as-cast and T4 treated alloys 
showed higher cell viability compared to pure Mg at 25% 
and 10% extract concentration; however, no difference 
between them could be observed after 3 days of culture. 
0088 Osteoblastic MC3T3-E1 cells cultured in direct 
CMEM for 3 days and then stained with calcein-AM and 
Eth)-1 were obtained. Live cells converted calcein AM to 
green fluorescent calcein through intracellular esterase 
activity, while EthD-1 entered cells with compromised 
membranes where it binded with nucleic acids and produced 
a bright red fluorescence. ZK40 as-cast sample as well as a 
solution treated one (350° C.—1 h) showed encouraging 
results when compared with AZ31 as the cell density was 
more and evenly distributed. There was no significant dif 
ference in the shape of the viable cells (green) between the 
control and the studied sample groups. Only a few apoptotic 
cells (red fluorescence in the nuclei) were seen in each 
group. Morphology of the MC3T3-E1 cells after 3 days 
incubation in the CMEM medium after fixing the cells in 
2.5% glutaraldehyde solution for 15 minutes was generated. 
The cells were attached on the surface of the sample and it 
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was also evident cell proliferation was already started. The 
cell spreading was uniform with filopodium and lammeli 
podium formations which suggested that the as-cast sample 
was stable in the physiological environment for cell growth 
and proliferation. 
0089. Pre-osteoblast MC3T3-E1 cells were cultured 
directly on the WX1 and WX41 alloys for 1 and 3 days, and 
then stained with calcein-AM and ethidium homodimer-1 
(EthlD-1). After 1 day of culture, both WX11 and WX41 T4 
heat treated alloys demonstrated comparable live cell den 
sity compared to tissue culture plastic. Pure Mg and the 
as-cast WX11 and WX41 alloys showed reduced live cell 
density compared to tissue culture plastic. The WX41 alloys 
appeared to show higher density of live cells compared to 
WX11, possibly due to the higher Y content resulting in a 
more stable corrosion layer on the surface of the alloy. After 
3 days of culture, WX11 as-cast and T4 treated as well as the 
as-cast WX41 alloys demonstrated much lower live cell 
attachment, consistent with the result of the indirect cyto 
toxicity test. WX41 T4 treated alloy showed excellent 
biocompatibility with high live cell attachment throughout 
the surface of the alloy, far superior to pure Mg and the other 
WX alloys. The higher cell density on WX41 T4 treated 
alloy after 3 days demonstrated proliferation of the attached 
MC3T3-E1 cells. 

1. A biodegradable, metal alloy-containing composition, 
comprising: 

from about 0.5 weight percent to about 4.0 weight percent 
of yttrium; 

from greater than Zero to about 1.0 weight percent of 
calcium; 

from about 0.25 weight percent to about 1.0 weight 
percent of Zirconium; and 

a balance of magnesium, based on total weight of the 
composition. 

2. The composition of claim 1, wherein the composition 
further comprises silver in an amount of from about 0.25 
weight percent to about 1.0 weight percent based on the total 
weight of the composition. 

3. The composition of claim 1, wherein the composition 
further comprises cerium in an amount of from about 0.1 
weight percent to about 1.0 weight percent based on the total 
weight of the composition. 

4. A biodegradable, metal alloy-containing composition, 
comprising: 

from about 1.0 weight percent to about 6.0 weight percent 
of Zinc; 

from greater than Zero to about 1.0 weight percent of 
Zirconium; and 

a balance of magnesium, based on total weight of the 
composition. 

5. The composition of claim 4, wherein the composition 
further comprises silver in an amount of from about 0.25 
weight percent to about 1.0 weight percent based on the total 
weight of the composition. 

6. The composition of claim 1, wherein the composition 
further comprises cerium in an amount of from about 0.1 
weight percent to about 1.0 weight percent based on the total 
weight of the composition. 

7. A method of preparing a biodegradable, metal alloy 
containing composition, comprising: 

melting together components, comprising: 
from about 0.5 weight percent to about 4.0 weight 

percent of yttrium; 
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from greater than Zero to about 1.0 weight percent of 
calcium; 

from about 0.25 weight percent to about 1.0 weight 
percent of Zirconium; and 

a balance of magnesium, based on total weight of the 
composition; 

to obtain a melted mixture; and 
casting said melted mixture to obtain said biodegradable, 

metal alloy-containing composition. 
8. A method of preparing a biodegradable, metal alloy 

containing composition, comprising: 
melting together components, comprising: 

from about 1.0 weight percent to about 6.0 weight 
percent of zinc: 

from greater than Zero to about 1.0 weight percent of 
Zirconium; and 

a balance of magnesium, based on the total weight of 
the composition; 

to obtain a melted mixture; and 
casting said melted mixture to obtain said biodegradable, 

metal alloy-containing composition. 
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9. The method of claim 7 or claim 8, wherein said 
composition further comprises from about 0.25 weight per 
cent to about 1.0 weight percent silver and from about 0.1 
weight percent to about 1.0 weight percent of cerium. 

10. A biodegradable, metal alloy-containing article, com 
prising the composition of claim 1 or claim 4. 

11. A biodegradable, metal alloy-containing medical 
device, comprising the composition of claim 1 or claim 4. 

12. The biodegradable, metal alloy-containing medical 
device of claim 11, wherein the medical device is implant 
able into a body of a patient. 

13. The biodegradable, metal alloy-containing medical 
device of claim 1, wherein the medical device is an ortho 
pedic device. 

14. The biodegradable, metal alloy-containing medical 
device of claim 11, wherein the medical device is a cranio 
facial device. 

15. The biodegradable, metal alloy-containing medical 
device of claim 11, wherein the medical device is a cardio 
vascular device. 


