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MAGNESIUM ENHANCEDVINDUCED BONE FORMATION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority under 35 ULS.C. §119(e) to United
States Provisional Patent Application Serial No. 62/042,291, filed August 27, 2014,
entitled “Magnesium Enhanced/Induced Bone Formation”, which is herein

incorporated by reference.

GOVERNMENT SUPPORT AND FUNDING

The invention was made with government suppost under ERC-
0812348 awarded by the National Science Foundation. The government has certain

rights in the mvention.

Field of the Invention

{0001} The invention relates to biodegradable bone screws composed of
magnesinm-containing material, e.g., purs magnesivm of magnesiwm altoy, which are
suitable as unplant devices into a patient body for medical applications, such as,

orthopedic, crantofacial and cardiovascular surgery.

Backeround of the Invention

{0002 Bone fractures are an extremely common wjury, with an estimated
more than 6 million ocourring each vear in the United States and causing over |
million hospualizations annually. Fractures can arise from a wide variety of causes,
such as accidents, sports and falls, as well as from pathological causes, such as, low
bone density and osteoporosis resulting from age and obesity. Due to the high
prevalence of these nisk factors, incidences of fractures are projected to rise. Over one
third of fractures require mternal fixation devices to provide stabilization during
healing.

{0003} Metallic traplant devices, sach as plates, screws, nails and pins,
constructed of stainless steel, cobalt-chromium and titanium allovs are commonly
used in the practice of orthopedic, crantofacial and cardiovascular iraplant surgery,

These matenials exhibit good biomechanical properties, but are not degradable over a

-1-
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period of time. Thus, when the implant device is no longer needed, surgery is
requared for ws removal. To reduce the need for surgery and risks associated
therewith, 1t 18 a desire in the art to design and develop new biomaterials that are
capable of degrading, e.g., dissolving, over time such that surgical removal i3
precluded. For example, polymers, such as polyvhydroxy acids, polviactic acid (PLA),
polvglveolic acid {PGAY, and the like, are useful for the construction of mnplant
devices. These materials, however, have been found to exhubit relatively poor
strength and ductility, and have a tendency to react with human tissue resulting in
Hmited bone growth. As a result, magnesium alloys have emerged as a new class of
biodegradable materials for orthopedic apphications. These materials exhubit
properties comparable 1o natural bone, are non-toxic and capable of degrading, e g,
corroding, over time i 8 phystological enviromment, e.g., a patient body. In
particalar, magnesium degrades to produce a soluble, non-toxic corrosion hydroxude
product which is harmlessly excreted through urine. To date, magnesium alloys have
demonstrated the ability to regenerate both hard and soft musculoskeletal tissues,
which is particularly valuable for engineering craniofacial degradable implants.
jo004} There are, however, disadvantages associated with bone screws
composed of nagnesium-containing material, e.g., magnesium alloy. For example,
magnesiom is generally a softer material than metal materials, e g, stainless steel or
titanivn, conventionally used for implant devices. As a result, magnesium alloy bone
screws have been found to be more prone to breakage. In certain instances, during the
process of implantation, the heads of the magnesium alloy screws have sheared off,
and the screws have been shown to be difficult to place inexisting bone, e.g., difficult
to align with a corresponding opening which is drilled nto extsting tissue in a patient
to veceive the screw. FIG, 1 s a schematic showing a bone screw 1 in accordance
with the prior art. The bone screw 1 includes a head 3 having an upper surface §, a
lower surface 7 and a thickness ¢ extending between the upper and lower surfaces 5.7.
An mdentation 9 13 diametnically formed within the head 3, which extends along the
entire, or nearly the entire, diameter 11 thereof. The mdentation 9 is typically sized to
accommaodate a driver mechanism (not shown} for rotating and guiding the bone
screw | for implantation. Extending from the lower surface 7 is an elongated shaft 13

having a straight thread form. Extending from an end 15 of the threaded shaft 13 15 a



WO 2016/033312 PCT/US2015/047158

tip 17, As shown, the diameter 11 of the upper surface 5 1s equal to the diameter 11
of the fower surface 7.

{6005] There is a need iu the art to design and develop bone screws having
suttable corrosion resistance, biodegradability and biocompatbility, while having an
improved design structure so as to facilitate alignment and placement of the screws,
and to demonstrate minimal breakage, e.g., of the screws’s head, during implantation.
Furthermore, there is a desire to design and develop bone screws that degrade in vivo
causing a release of magnesium ions without negatively impacting fixation or
stabilization of the bone. It is believed that this release of magnesium lons in a
spectfic location may be effective 1o stimulate localized bone formation and to

enhance osteointegration and healing.

SUMMARY OF THE INVENTION

[0006] in an gspect of the invention, a biodegradable, magnesium-containing
bone screw, is provided. The bone screw includes a head having a top swrface, a
bottom surface and a tapered thickness extending between the top and bottom
surfaces; a shait having a first end and a second end, the first end coupled to the
bottom surface of the head, and a fength hnearly extending between the first and
second ends, the length having a threaded form; and a pointed tip extending from the
second end of the shaft.

10007} The top surface of the head can include an indentation formed therein
sized to accommodate a driver mechanism for guiding and rotating the bone screw.
In certain embodiments, the indentation can extend along a diameter of the head.
{1008] The threaded form of the shaft can inclode a tapered thread profile.
Further, the threaded form can have a thread angle from about 25 to about 75 deprees.
In certain emboduments, the threaded form can have a thread angle from about 43 {0
about 60 degrees.

{0009 The head and shaft can be cylindrical in shape, the tip may be cone-
shaped, and the top surface of the head can have a diameter that is larger than the
diameter of the bottom surface.

10010} The bone screw may be emploved as an implant device for medical

applications. In certain embodiments, the bone screw s emiploved tn medical

'
L
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applications selected from crantofacial, orthopedic, dental and cardiovascalar
surgeries.

{6011} In another aspect of the wvention, a wethod of prepating a
biodegradable, magnestum-~containing bone screw is provided. The method mcludes
preparing a magnesiun-cotaining composition, melting the magnestum-containing
composition at an elevated temperature, introducing the magnestum-containing
composition from step (b} into a mold, cooling and soliditving the mold. The mold
includes a head having a top surface, a bottom surface and a tapered thickness
extending between the top and bottom surfaces; a shaft having a first end, the first end
coupled to the bottom sarface of the head, a second end and a length hnearly
extending between the first and second ends, the length of the shaft havig a threaded
form; and a pointed tip extending from the second end of the shaft,

{6012} In still another aspect of the invention, a method of employing a
biodegradable screw as a medical implant device in a patient is provided. The method
wicludes preparing a magnesiuni-containing bone screw i accordance with the above-
described method, forming an opening in existing bone in the patient, and implanting
the bone screw into the opening in the existing bone of the patient. The bone screw is
effective to provide targeted release of magnesium lons resulting i enhanced new
bone formation.

{0013} The existing bong may be selected from craniofacial bone, orthopedic
bone and dental bone.

{6014} in certain embodiments, the medical tmplant device further includes a
fixation plate.

BRIEF DESCRIPTION OF THE DRAWINGS

{0015} A further ynderstanding of the invention can be gained from the
following description of the preferred embodiments when read in conjunction with the
accompanymg drawings:

{11 6] PG 1 s a schematic showing a bone screw, i accordance with the
prior art;

16017} FIG. 2 is a schematic showing a bone screw, in accordance with certain

embodinments of the present invention;
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{0018] FIG. 3 18 a schematic showing implantation of 4 bone screw having a
stratght thread profile {le., View A) and a tapered thread profile (Le., View By, in

accordance with certain embodiments of the invention; and
{8019} FIG. 4 15 a schematic showing a combination of a plurality of bone

screws and a fixation plate, in accordance with certain embodiments of the mvention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

16020} The invention relates to novel, biodegradable bone screws constructed
from magnesium-containing material, e.g., pure magnesium or magnesium alloy.
These bone screws are suitable for implanting into a body of a patient for medical
applications, such as but not limited to, orthopedic, crantofacial, dental and
cardiovascular surgeries, Further, the bone screws degrade in vivo causing a release,
g.q., targeted refease, of magnestum tons without negatively impacting fixation or
stabilization of the bone. Without intending to be bound by any particalar theory, it is
believed that this release of magnesium ions nmay be effective to stunulate localized
bone formation and to enhance osteointegration and healing. Furthermore, the
mvention relates to novel, biodegradable bone screws having an improved structure
which is designed to faciitate alignment and placement, and reduce breakage of the
bone screw, e.g., head, during implantation.

{0021} A wide variety of magnestum-containing materials may be employed
to construct the biodegradable bone screws of the invention. In certain embodiments,
the bone screws are constructed or composed of pure magnesium, My, In other
entbodiments, the bone screws are constructed or composed of wagnesium altoy, The
alloving components or elements in the magnestum alloy can vary and may be
selected from those known in the art. As used herein and the claims, the term
“magnesiun-containing materials” refers to pure magnesium and magnesium-based
alioys and compositions. Non-limiting examples of suitable magnesium alloys
inchude those deseribed w PCT Apphication having Intersational Appheation No.
POTAIS2012/058939 entitled “Biodegradable Metal Alloys™ filed on October §, 2012
and based on United States Provisional Patent Application 61/544,127 entitled
“Biodegradable Metal Alloys™ filed on October 6, 2011; and United States Patent

Application Serial No. 14/045,01 1 entitled “Biodegradable Iron-Containing
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Compositions, Methods of Preparing and Applications Therefor™ filed on October 3,
2013, which are incorporated in their entivety herein by reference.

{6022} The amount of each of the components or elements in the wagnesium
alloys/compositions can vary and i general, the amounts are selected such that the
resulting alloys/compositions are within acceptable non-toxic hmits, sutficiently
biocompatible and degradable over a period of time.  For example, the components or
elements and thew amounts may be selected such that the alloys/compositions exhibit
corrosion resistance in the presence of water and body fluids which allow for suitable
in vitro use in a physiological environment, e.g., patient body, and exhibit corrosion
resistance with minimal or no evoluation of hydrogen gas as the evolution of hydrogen,
e.g.. hydrogen bubbles, may cause complications iy a patient body.

{6023} it 15 contenplated that other components may be added to the
alfoys/compositions provided that the non-toxicity, biocompatibibity and degradabibity
remain within acceptable limits. Acceptable non-toxic limits and time frames for
degradation can vary and can depend on the particular physical and physielogical

e

characteristics of the patient, in vitro site of implantation and medical use of the

device.
8024} Suitable magnesium alloys/compositions for use in the 1nvention may

be prepared using various methods and processes. The components, e.g., magnesium
and one or more of fron, manganese, calcium, zirconium and zinc, may be meled or
alloyed at an elevated temperature nsing conventional methods knowa in the art. In
certain embodiments, the components are alloved using high energy mechanical
alloving (HEMA), untaxial or sostatic compaction, and sintering. HEMA nway be
conducted under a protective atmosphere, e g, in the presence of argon, sulfir
hexafluoride and mixtures thereof, to preclude, minimize or reduce decomposition of
the components in the composition. Subsequent to HEMA, amorphous films may be
svnthesized by pulsed laser deposition {PLD).

{125 Further, i is known to use general casting methods and, forming and
finishing processes, such as, extrusion, forging, polishing (by mechanical and/or
chemical means), surface treating (to form a superficial layer), and combinations

thereof, to produce the bone screws of the mvention for use as implant devices. For
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example, a molten alfoyed composition may be poured into @ mold, allowed 1o cool
and thereby solidify.

{6026] Suitable design structures for the bone screws can vary. FIG. 2isa
schematic showing a bone screw 20 in accordance with certain embodiments of the
invention. The bone screw 20 has a head 22, a shaft 24 and a tip 26, The head 22 has
a top surface 28, a bottom surface 30 and a tapered thickness 32 extending between
the top and bottom surfaces 28,30, The shape of the head 22, shaft 24 and tip 26 can
vary. Asshown in FIG. 2, the head 22 and shait 24 are cylindrical in shape such that
the top amd bottom surfaces 28,30 of the head 22 are civenlar. The head 22 is tapered
such that the top surface 28 has a greater circumierence and diameter than the bottom
surface 30. The top surface 28 of the head has an indentation 34 diametrically formed
therein. The indentation 34 18 sized, e.g., bas a length and height, that 1s suitable to
accommodate a driver mechanism (not shown} for rotating and guaiding the bone
screw. In certain embodiments, the length of the indentation 34 extends along the
entire or nearly the entire diameter of the top surface 28 of the head 22, ftis
contempiated and understood that the indentation can be formed in various shapes and
sizes depending on the driver mechanism used to rotate and guide the bone serew.
For example, if the driver mechanism has a Philip’s head, the indentation in the bone
screw head would be shaped and sized to accommodate said Philip’s head. The shaft
24 has a first end 40 and a second end 42 and a length 44 linearly extending between
the first and second ends 40,42, The first end 40 of the shaft 24 i1s coupled to the
bottom surface 30 of the head 22, The length 44 inchudes a threaded form. The tip
26 extends from the second end 42 of the shaft 24 and has a pointed end 46, In
certain embodiments, the tip 26 is cone shaped.

10027} The threaded form of the shaft of the bone screw can have a straight
thread profile or a tapered {or curved) thread profile. The angle of the threads i the
threaded shaft 24 can vary. In certam embodiments, the threads are formed or
positioned, such as, to bave a thread angle from about 23 1o about 75 degrees or form
about 45 to about 60 degrees. For example, the bone screw can have a 60-degree
straight thread angle, a 60-degree curved thread angle, a 45-degree straight thread

angle, or a 45-degree curved thread angle.
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{0028] Without intending 1o be bound by auy particular theory, it is believed
that certain thread angles, such as, the 45-degree threaded angle, can provide an
increased thread pitch, which allows wore threads to engage in a thin cortical bone
tayer and this increased engagement is theoretically advantageouns for serew fixation
and fracture stabilization. Furthermore, it is believed that the tapered or curved thread
design provides an increase in thread surface area, which can facilitate location-
specific degradation and subsequent Mg 1on release that may be beneficial to bone
regeneration, which promotes osteointegration and local bone formation to support
healing.

{0029} The bone screws 20 of the invention generally maintain fracture
stability thronghout healing, while degrading slowly and safety, and cause Mg ion
release to enhance bone formation. The bone screws 20 are self-tapping and can
inchude a tapered head (as shown in FIG. 2} and a tapered or corved thyead profile or
form, as compared to conventional bone screws that are known m the art.

{0030 In certain embodiments, the bone screws of the invention are
implanted into a patient body by forming one or more openings in existing bone and
inserting or implanting the bone screws within the opening(s). Mg ton release mnto the
existing bone can be exhibited by the entire bone serew overall and, more particularly,
by specific parts and portions of the screw.

{0031} FIG. 3 is a schematic showing a threaded shaft of a bone screw
inserted into a pre-drilled hole 50 of a cortical bone 52. The upper View A of FIG. 3
shows a threaded shaft 24 having a straight thread profile and the lower View B in
FIG. 3 shows a threaded shall 24 baving a tapered (or curved) thread profile, As
shown m the View B, the tapered thread profile includes a phurality of thin extensions
54 that protrude into the cortical bone 32, In accordance with the disclosed concept, 1t
is contemplated that the plurality of thin extensions 34 will rapidly degrade m vivo
and will cause a targeted or localized release, e.g., burst, of Mg 1ons 56 into the bone
52, as shown in View B of FIG. 3. As shown 1 View A, the straight thread profile
alse has a plurality of extensions 38 that protrude into the cortical bope 32, However,
the plurahity of extensions 58 do not taper {or curve) to form extensions that are as
thin as the plurality of thin extensions 34 shown for the tapered thread profile in View
B.



WO 2016/033312 PCT/US2015/047158

{0032} Without intending 1o be bound by auy particular theory, it is believed
that the tapered or corved thread form provides early, location~-specific degradation at

the thread extensions (thread tps) causing Mg lon release to stimulate local boune
formation. in this manner, bone growth can be directed inward toward the screw, as it
degrades. The thin thread extensions {thread tips) will be more rapidly degraded in
vivo, and will cause a burst release of My ton that can stimulate localized bone
formation to enhance osteomntegration and healing, without compronusing fixation or
stabilization.

{6033} The bone screws, in accordance with the mvention, may be used
independently or they may be used in conjunction with fixation plates. In certamn
embodiments, the magnesium-contaiming bone screws in conpunction with a
magnesium-containing fixation plate are effective to regenerate bone,

{6034} FIG. 4 15 a schematic that shows an implant device 60 that includes a
plurality of the bone screws 20 {shown in FIG. 2} used in conjunction with a bone
fixation plate 62. As shown in FIG. 4, the plurality of the head 22 of the bone screws
20 can countersink into the bone fixation plate 62, such as to reduce the overall profile
of the mmplant device 60, Further, as shown in FIG. 4, the combination of the
plurality of bone screws 20 and the bone fixation plate 62 1s inplanted beneath
muscle 64 and periosteum 66 into the cortical bone 82 (as shown in FIG. 3. FIG. 4
shows one fixation plate with four bone screws. However, 1t is contemplated and
understood that the number of bone screws may vary and can be more or less than
four. As shown in the upper View A of FIG. 4, there is a fracture 68 in the cortical
bone 532, As compared to View A, the lower View B demonsirates the mechanism of
magnesium-stimalated bone formation in accordance with the wvention. As shown
View B, a portion of the plurality of bone screws 20 and bone fixation plate 62 are
degraded, the fracture 08 is absent, e.g., healed, and new bone 70 1s formed.

{0035] it is contemplated that the bone screws in accordance with the
mvention are usefol in a wide variety of applications including, but not hnnted to,
craniomaxiliofacial and erthopedic applications. As described, the bone sorews can
be used in comunction with fixation plates. Further, the bone screws can be used for
fixation of other materials and devices conventionally used for bone augmentation,

such as, but not himited to, meshes and membranes.

.
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EXAMPLES

Example 1

1. Querview
{0036} A thorough assessment of the degradation behavior and binlogical
effect of My fixation devices was conducted. Specifically, there was designed and
tested Mg fixation plates and screws in a rabbit uina fracture model. Results
confirmed new bone formation around Mg devices, especially above the devices
where the periosteum and muscle tssue were present. In addition, there was observed
no inhibition of fracture healing. Mechanical testing demonstrated that healed
fractures fixed with Mg devices responded similarly to health controls when subject to
three point bending. Taken together, these data demonstrate the efficacy of Mg

fixation devices in a load bearing fractore site.

o]

_Materials and Methods

2.1, Device Design and Development.
{8037} Fixation devices, iy accordance with the invention {and as shown in
FIGS. 2 and 4}, were machmed with 99.9% pure Mg {(Goodfeltow, Coraopohis, PA).
Prior to implantation, the devices were cleaned by sonicated washes in pure acetone
and ethanol, followed by sterilization with pamma radiation (2x10° ¢Gy, 23.5 Gv/min,

cesium 137 source, Mark 168, JL Shepherd and Associates, San Fernando, CA),

2.2 Ievive logplaniration.
{1138] Prior to surgery, animals were anesthetized and forearms were shaved
and disinfected. A 2 cm incision was made over the alna. Overlving skin and muscle
was carefully retracted to expose the ulna. A complete ulnar osteotomy {0.5- I mm
thick) was created using a hand held dall. A fixation device consisting of one plate
and four screws was then placed to stabilize the fracture. The mncision was closed in
fayers with sutures and left un-casted. Animals were monttored daily for general
hehavior, movement, and food and water intake. In addition, forearms were checked

thoroughty by visual inspection and gentle palpation for signs of infection or

- 10 -
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subcutancous gas pocket formation. Observable gas pockets were removed with a

&

stertle syringe. All gas pocket formations and removals were documented.

2.3, Xray Imaging.
{8039} Xeray inaging was used 1o monttor device placement and fracture
healing. All animals recetved x-rays immediately following surgery and every two

weeks thereafter.

2.4, Three Poini Bend Test.
{0040 A three point bend test was used to evaluate the relative strength of the
ulnae after 16 weeks. Prior to testing, forearms were carefully dissected and
overlying soft tissue was removed. For all samples, the radias and ulna were fused,
preventing us from accurately separating the bones for testing., To exclude radial
contributions fron: the test, two transverse cuts were created on etther side of the
fracture site and remaining device (4 cm apart) using a low speed saw and diamond
blade {(Buehler USA, Lake Bluff, IL) as previously described. An Instron 5564
{Instron USA, Norwood, MA) with 2 kN load capacity was used for testing. For each
sample, the radiug and ulna were positioned on the same horizontal plane on two
tower stabilizing points positioned 3 cm apart. The fracture site and radial cuts were
centered within these points. One upper moving point was positioned at the center of
the two lower points. Test parameters were modified from previous studies, including
a 1 N pre-load, loading speed of § nun/mia, and stop point of 0.5 mm flexural
extension {previcusly determined to be pon-destructive). The flexural load at 0.5 mm
extenston was recorded for cach sample. Intact ulnae were similarly prepared and

used as healthy controls.

2.5, MicroCT dnalvsis.,
jad1} High resolotion microCT was used to evaluate device degradation and
new hone formation. Devices were scanned before implantation with a VivaCT40
{Scanco Medical AG, Bruttisellen, Switzetland) and 10.5 um voxel size (35 kV, 72
gAY In addition, devices were scanned after eight and 16 weeks (=4 per time point)

using a SkyScanl 172 (Broker-MicroCT, Kontich, Belguim) scanner with a 10 um

-11 -
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voxel size, 79 kV tube potential and 125 g A tbe current. 3D vohumes of the scanned
samples were generated from acquived 21 lateral projections vsing Reconn software
{Bruker-MicroCT, Kontich, Belginum). For analysis, scamned bone volumes were
digitally reoriented using the SkyScan DataViewer software, and user-defined
remaing Mg and corrosion product regions of interest were generated using the

-

SkyScan CTAn software {version 1.13.5.1} as previously described. Mg devices were

sepmented from surrounding soft and hard tissues based on the absorption coefficient
{equivalent to mineral density) of remaining Mg and corrosion product. The relative
x-ray absorption coefficients within each of these two lavers were distinetly different,
generating a clear mierface between the two, as well as between the corroded product
and background. These interfaces were identifiable as mflection points within the
distribution of mineral densities histogram from a region of wterest wchuding both
remaining Mg and corrosion product. These mflection pomts were psed to define
thresholds for the Mg and corrosion product, and were verified by visual inspection,
{042} Following segmentation, volume guantifications were obtained to
evaluate device degradation and bone formation. Corrosion rate was calculated
through the mucroCT-evaloated Mg volume loss using Eqeation 1, where CR 15
corrosion rate in mmiyr, delta V is change in Mg volume in nun’, A is surface area in
mm®, and t is time in years. Devices were considered in their entirety, and also
divided into head and shaft regions with respective regions of interest defined. The
head region was defined as any area of the screw above the bottom edge of the plate,

while the shaft region was defined as any area of the screw below the bottom edge of

the plate.
{0043] In addition to device volume change, new bone formation around the

devices, as well as bone-device contact was assessed through microCT. New bone
around the devices was defined as any bone above the bottom of the plate.
Importantly, this region originally contained enly muscle and soft tissue; therefore,
any bone observed within this region was newly formed. Bone contact throughout the
screw shafts was caleulated as the intersection surface area between Mg and bone

using CTAn.

Equation 11 CR =delta VA{AD

- 12 -
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2.6. Histological Processing.
{6044) Samples were formalin fixed and embedded in Technovit 9100 New®
{Heraeus Kulzer, Hanau, Germany). Samples were sectioned and stained with
Toluidine Blue to visualize bone morphology at the fracture site, device-tissue

iterface, and within areas of newly formed bone.

2.7, Staustival Analysis.
{0045} Statistical apalysis was performed using IBM SPSS Statistics 19 (IBM,
Armonk, NY).

3. Results

31 Me devices didd not cause adverse headth events.
{0046} All devices were well tolerated by the snimals. Immediately following
surgery, the animals resumed normal movement and behavior, including weight

bearing on both forearms.

3.2 My device wnderwent gradual degradation accompanied by corrasion
product formation and gas formation.
{6047} Initial evidence of device degradation was observed through
subcutaneous gas pocket formation. Subcutaneous gas pocket formation was not
observed in all animals. Less than 20% of antmals developed a subcutaneous gas
pocket over the implaat site which was casily removed with a sterile syringe without
cansing mfection or interference with healing. Pockets cousisted of gas withowt
additional blood or fluid. Gas pocket formation was observed through five weeks
post-operative. The largest number of removals, three, was performed during the
second week, with all other weeks only requiving one removal each. No gas pocket
formation was observed after Bve weeks post-operative.
{0048] High resolution microCT was used to study device degradation {n=8
screws, il plates). Based on distinct matenial density differences, volumes of Mg
and corrosion product were quantified separately. Volume quantification revealed a

net loss of volume for Mg screws after eight weeks. Mg volume was reduced by 4.41
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£ .49 mm° afier eight weeks, Meanwhile, 3.35 £ 0.60 muw® of corrosion product was
produced at the surface. Based on this change 1w Mg volume, the in vivo comrosion
rate of the Mg screws was caleulated to be 0.40 £ 0.04 wm/vear. Corrosion behavior
varied between different regions of the screws. After eight weeks, the screw head
region consisted of 47.09 & 13.76 volume percent of Mg, and 52.91 £ 13.76 volume
percent of corrosion product. In contrast, the screw shaft region consisted of 75.04 =+
334 volume percent of My, and 24.96 = 3.34 volume percent of corrosion product.
Similar to the screws, Mg plate volume was redoced after eight weeks. Specitfically,
Mg plates corroded at a rate of 0.55 & 0.02 mm/year, resulting 10 19.57 £ 0.66 mm’ of
Mg volume loss alter eight weeks, Due to extensive corrosion product formation and
integration with surrounding tissues, accurate device vohume quantification after 16
woeks was not possible. However, additional Mg volume loss and corrosion product

production was observed.

3.3, Frache bealing was uninhibited by degrading My devices,
{0049] Bi-weekly x-rays showed progressive healing thronghout the study.
These observations were confirmed by microCT and histological staining after exght
and 16 weeks. After eight weeks, fracture healing was observed as proxinal and
distal cortical bone wiion for most samples. After 16 weeks, more mature healing
was observed, with full thickness cortical bone bridging at the fracture site.
Histological staining showed normal bone morphology within these regions including

osteocytes and osteoid.

3.4. Boune-device contact prevalent dexpite ongoing device degradation.

10050} Boune device contact was observed through microCT and histological
staining. In the presence of ongoing corrosion, high levels of bone-device contact
were observed after eight and 16 weeks 7 vive. Areas of bone-device contact were
more prevalent 1o sfower degrading regious, such as around the plate and screw heads.
New bone growth was often observed areund the screw head and within the driver
slot, with direct bone-device contact. Bone device contact along screw shafts were
quantified after eight weeks, revealing over 25% of the screw shaft surface area in

contact with bone.

- 14 -
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3.5, dbwndant bone growth observed over and around degrading e devices.
16051} New bone was formed over and around all Mg devices. This bone
formation was gbserved throughout the study by x-ray, and was further assessed by
microCT and histological staming after sight and 16 weeks. After eight weeks, new
bone partially covered all Mg devices. After 16 weeks, this new bone completely
covered all Mg devices. MicroCT was used to guantify the amount of new bone
formed over the fixation devices. A significant increase in overlaving bone formation
was observed from eight to 16 weeks (p=0.001), with 100.20 = 33.80 mum’ of new

bone formed within this peniod.

3.6, Farearm structural properties mabuained affer 10 weeks,
{6052} The relative stractural properties of the healed ulnae was assessed by
three point bend testing after 16 weeks., Bone overgrowth and degraded fixation
devices were left in place for testing; therefore, resulis reflect the entire bone-device
complex as it would be loaded /v vive. Bend test results revealed a stight, though not
significant, increase in flexural load for healed ninae fixed with Mg devices compared

to ntact ulnae controls,

4. Discussion
10853] The efficacy of degradable Mg fixation plates and screws in g loaded
ulna fracture model was assessed. The results demonstrated abundant new bone
formation around degrading Mg devices, The effect of Mg on fracture healing and
bone formation was evalpated. A thorough mvestigation of 99.9%% My fixation
plates and screws was conducted to confirm that these degradable devices facilitate

fracture healing, while stimulating local bone formation.

{0054 As My degrades, hvdrogen gas is produced. Depending on the
implant’s local environment and available blood flow, this gas may be cleared from

the implant site without accumulation. However, rapid corrosion rate andéor
insufficient gas removal may lead to accumulation.  Only a small number of gas

pockets were observed, indicating that most gas released during device degradation

I
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e
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was efficiently cleared from the implant site. Furthermore, observed gas pockets did
not disvupt fracture healing, bone formation, or serrounding tissue health,

10035} In addition to hvdrogen, deprading Mg typically produces corrosion
product on s surface. The material properties of the remaining Mg and corrosion
product are not equal, and therefore do not provide equal contributions to device
function. For these reasons, device degradation was assessed m terms of Mg volume
foss and corrosion product volume gam. A net volume loss for all devices was
observed with considerable corrosion product formation. A greater corrosion rate for
the plates than the screws (0.55 = 0.02 and 0.40 = 0.04 m/vear, respectivelyv) was
also observed. This difference was likely atiribated to the devices™ local environment.
Unlike the screws, which were largely contained within bone, the plates were inttially
covered by nmuscle. This tissue has a higher water content and blood How than bone,
and therefore likely accelerated plate corroston. In addition, # was likely that areas of
contact between the plate and ulna further enhanced plate corrosion.

{156] Also observed were differences in corrosion behavior between portions
or regions of the screws. Specifically, the data suggested that corrosion was enhanced
for screw heads compared to shafts. The screws were tested as part of a fixation
svstem, and therefore screw heads were in contact with overlying soft tissue, as well
as the fixation plate. Shearing of these components, as well as compression during
foading, likely contributed to corrosion within the head region. Despite these
observations of accelerated corrosion, all devices remained in place and provided
sufficient stabilization throughout the evaluation. Furthermore, high levels of bone-
devioe contget were observed, revealing osteoiniegration of the devices,

{5 7] In the presence of ongoing device corroston, fracture healing remained
uninhibited, and contical bone unton matured throughout the evaluation. Mature
healmng was observed after eight weeks. These results demonstrated the abiity of Mg
fixation devices to facilitate physiological healing and long-termy remodeling in a
foaded fracture environment. This reflects a vnigue advantage of Mg devices over
resorbable polymer devices, which are often not suitable for load bearing applicatton.
{6058} Mg devices can, not only facilitate fracture heahng, but also can
enhance bone formation. Abundant bone formation over and around all degrading

Mg devices was observed. This bone formation accurred over the devices, where
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pertosteal and muscle tissue layers are typically present. It was demonstrated that
prolonged exposure to My degradation can cause progressive bone formation. This
hone formation was not typically seen with resorbable polvmer or permanent metal
devices, and therefore highlights a unigue advantage of Mg fixation devices. In this
manner, the degrading fixation device s gradually replaced by bone, without
compromising fracture healing.

{0059] As these devices degraded, Mg was released, and local cells were
stimulated to form bone. Considering the location of the newly formed bone
observed, it is likely that the periosteum served as a cell source for osteogenic
ditferentiation. Cells within this tssue layer, inclading osteoblasts and plaripotent
mesenchymal stem cells, are known to facihitate bone growth and repair. It s also
hkely that Mg released from the degrading devices stinulated stem cells withia the
periostewn to intiate bone formation over the devices. This bone formation then
continued as device degradation, and subsegquent My release, persisted over time.
{060 This new bone may have contributed to the structwral properties of the
ulna, helped provide stabilization, and facilitated weight-bearing activity during
healing. Through three point bend testing, there was observed a similar flexwre load
response of healed uinae when compared to healthy, un-fractured controls. These
results revealed that the structoral properties of healed bone are similar to native

ulnae, and that functional regeneration occurred.

5. Lonclusion
00061} The efficacy of degradable Mg fixation plates and screws in a loaded
rabbit ulna model was evaluated. It was demonstrated that 99 9% Mg fixation devices
underwent localized corrosion in a primarily boney environment, with mcreased
corrosion in the screw head reglon compared to the shaft region. It was shown that
Mg device degradation did not ihibit fracture healing. and enhanced local bone
formation arouad the devices, Furthermuore, it was shovwn that the stractural
properties of the healed bone afler 16 weeks were not compromised. These biological
and mechanical results demonstrate the potential nse of Mg altoys as fracture fixation

devices.
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Example 2

1. Querview
{6062} The vovel fixation devices (as shown in FIGS. 2 and 4) were subjected
to In vivo testing vpsing a rabbit ulpna fracture model. Devices were implanted to
provide stabilization to complete ulpar osteotomies and assessed after eight and 16

weeks post-operative.

2. Ease of Insertion

{0063} Some damage occurred during implantation of the Mg devices. The
damage may have been due to Mg's relatively low stiffness when compared 1o
titanium, and inconsistencies m ulnar thickness. More Iikely, device damage was the
result of applving excessive torgue during implantation or uregalarities within the
material tself. Dunng fa vive surgeries, surgeons reported that screws with the novel
tapered (curved) thread form were easier to implant, requiring less torque and
breaking less frequently when compared to screws with a traditional thread form. On
average, screws with a traditional thread form were twice as likely to be damaged
during ymplantation when compared 1o screws with the novel tapered (curved) thread

form.

3. Device Deeradation

{0064} Device degradation was observed throngh high resolution micreCT.
Density differences in underiving My and newly formed corrosion product could be
observed visually and quantified using thresheld-based analysis. Undertving Mg and
corroston prodoct were guantified separately for traditional (steaight) and novel
tapered {curved) threaded screws within both the head and shaft regions. No
significant differences were observed in the overall degradation behavior of the novel
tapered (curved} screws compared to traditional designs, suggesting an adequate

o)

volwme for stalnlization was maintamed.

4. Fracture Healing

[0065] Biweekly in vive x-rays show engoing fracture healing in the presence

of device degradation througbout the course of the evaluation. In addition, microCT
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2D slices showed union of proximal and distal cortical bones at the fracture site after
eight and 16 weeks. MieroCUT and histological staining showed further detail of
fracture healing. MicroCT slices showed cortical bone union after eight weeks with
further maturation after 16 weeks. High magnification unages of Toluidine stained
sections showed normal bone morphology within the healed cortical bones at the
fracture site after eight and 16 weeks. High levels of bone-device contact were
observed around degrading Mg devices, indicating good osteointegration, which
supports device stabilization. Areas of bone~device contact were observed after eight
and 16 weeks. laterfaces of Mg devices and bone were observed through microCT,
A longitndinal slice of a Mg plate and screw showed areas of bone contact arcund the
screw head, shaft, and plate edge. A mansverse shice of a Mg screw shaft showed
bone contact around screw perimeter after 16 weeks, Tolmdine Blue showed bone

morphology at bone-plate mterface after eight weeks,

5. New Bone Growth

{00066] Abundant new bone growth was observed arcund degrading devices
after evght and 16 weeks post-operative. After eight weeks, partial bone covering was
observed over all devices, with complete bone evergrowth observed after 16 weeks.
The volumes of bone overgrowth were quantified at both time points, and a
stznificant increase in bone volume was determined. Toluidine Blue histological stain
showed normal bone morphology with osteocytes and osteoid within the newly
formed bone. New bone overgrowth was quantified using mucroCT. Conservatively,
boue above the plate baseline was identified as new bone. A significant jucrease in

bone was observed from eight to 16 weeks.

6. Structural Integnty

{8067} The structural properties of healed forearms were assessed using three

point bend tests. Overlving tissue was carefully dissected to eliminate its mechanical

contribution. Ulnae were stabilized on two points and subject to a small displacement
{0.5 mm) from a central, top pomt. The resulting load was recorded and average max
force at max displacement was plotted. Results showed no significant difference

between material and/or screw design.
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7. Conclusion
{6068] The efficacy of the novel fixation devices was assessed using a rabbit
ulpa fracture model. Results showed gradual device degradation over time, withowt
interference on fracture healing or new bone formation. There was demonstrated the
positive effect of Mg degradation on local bone formation with progressive increase
m overlying bone from eight to 16 weeks post-operative. Mechanical testing showed
that the structural properties of the healed ulnae were comparable to healthy, un-

fractured controls after 16 weeks post-operative.

{3069} While specitic embodiments of the mvention have been desceribed in
detail, it will be appreciated by those skilled 1o the art that various modifications and
alternatives o those detals could be developed in hight of the overall teachings of the
disclosure. Accordingly, the particalar embodiments disclosed are meant to be
tlustrative only and not limiting as to the scope of the invention which is to be given

the full breadih of the appended claims and any and all equivalents thereof
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We clam

A biodegradable, magnesiuni-containing bone screw (20}, comprising

i
a head (22} having a top surface (28}, a bottom surface (30) and a

tapered thickness (32) extending between the top and bottem surfaces (28,30},
a shaft (24) having a first end (40) coupled to the bottom surface {30)

of the head {22), a second end (42} and a length {(44) linearly extending between the

first and second ends {40.42), the length {44) of the shaft (24) having a threaded form;

and
a pointed tip {26} extending from the second end {42) of the shatt (24)

2 The bone screw (20} of claim 1, wherein the threaded form s selected

from a straight thread profile and a tapered thread profile.

The bone screw (203 of claim 1, wherein the threaded form of the shaft

~
e
!

3
{24) 15 a tapered thread profile having a thread angle from abount 25 to about

degrees.

4. The bone screw (20} of claim 3, wherein the threaded form of the shaft
(24} 1s a tapered thread profile having a thread angle from about 435 to about 60

degrees.

5 The bove screw {200 of claim 1, wherein the head (32) and the shafi

{24} are cyvlindrical in shape, the tip (26) is cone-shaped, and the top surface (28) of

the head (223 has a diameter greater than the diameter of the bottom surface (30).

6. The bone screw (20} of claim 1, wherein the top surface (28) of the

head {22} has an indentation {34} diametrically formed therein sived 10 accommodate

a driver mechanism for guiding and rotating the bone screw {20),

The bone screw (20 of claim 1, wheren said screw {20} is employed

-
£,

as g medical implant device.
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&, The bone screw (203 of claim 7, wherein said medical implant device
is emnployed m surgery selected from craniofacial, dental, orthopedic and

cardiovascular.

4. A method of preparing a biodegradable, magnestum-~-containing bone
screw (20}, comprizing:
{a)  preparing a magnesiuni-comaining composition;
{by  melting the magnestum-containing composition at an elevated
temperature;
{c} introcducing the magnesiom-contatning composition from step
{h} mto a mold, the mold comprising:

a head (22) having a top surface (28}, a bottom surface (30) and
a tapered thickness (32) extending between the top and botton surfaces (28,30,

a shaft (24} having a first end {40} coupled to the bottom
surface (30) of the head (22), a second end (42) and a length (44) linearly extending
hetween the tirst and second ends (40,423, the length {(44) of'the shaft (24) having a
threaded form; and

a pointed tip (26) extending from the second end {42} of the
shaft (24); and

{(d)y  cooling and solidifving the mold.

10, A method of employing a biodegradable screw (20) as & medical
device to release magnesin tons i a patient, comprising;

preparing a magnesium-containing bone screw {20), comprising:

a head (22} having a top surface (28}, a bottom surface (30) and a
tapered thickness (32) extending between the top and bottom surfaces {28 30);

a shaft (24) having a first end (40) coupled to the bottom surface (30}
of the head {22}, a second end {(42) and a length {(44) linearly extending between the
first and second ends (40,42}, the length (44) of the shaft (24) having a threaded form;
angd

a pointed tip (26) extending from the second end {42) of the shaft (24);
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forming an opening (50} 1 gn exasting bone (32} in the patient; and
poplanting the bone screw (20} into the opening (50) 1 the existing

hone (52) of the patient,

i1, The method of clatm 10, wherein the existing bone {52} is selected
from the group consisting of craniofacial bone, dental bone and orthopedic bone.

12 The method of claim 18, wherein the threaded form of the shaft (24)
comprises a plarality of tapered extensions (34,58) protruding nto the existing bone

{52} of the patient.

13, The method of ¢laim 12, wherein the plarality of tapered extensions
{54,58) degrade mto the existing bone (52} cansing a release of magnesiom tons (56)

in the existing bone (52},

14, The method of claim 10, wherem the entire medical device releases

magnesium tons {36) in the existing bone (52).

15, The method of claim 10, wherein the medical device further comprises

a magnesum-containing fixation plate (62).
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