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Abstract

Biodegradable magnesium (Mg) alloys exhibit improved mechanical properties compared to degradable polymers while
degrading in vivo circumventing the complications of permanent metals, obviating the need for surgical removal. This study
investigated the safety and efficacy of Mg-Y-Zn-Zr-Ca (WZ42) alloy compared to non-degradable Ti6Al4V over a 14-week
follow-up implanted as pins to fix a full osteotomy in rat femurs and as wires wrapped around the outside of the femurs as
a cerclage. We used a fully load bearing model allowing implants to intentionally experience realistic loads without
immobilization. To assess systemic toxicity, blood cell count and serum biochemical tests were performed. Livers and
kidneys were harvested to observe any accumulation of alloying elements. Hard and soft tissues adjacent to the fracture
site were also histologically examined. Degradation behavior and bone morphology were determined using micro-
computed tomography scans. Corrosion occurred gradually, with degradation seen after two weeks of implantation
with points of high stress observed near the fracture site ultimately resulting in WZ42 alloy pin fracture. At 14 weeks
however, normal bone healing was observed in femurs fixed with the WZ42 alloy confirmed by the presence of osteoid,
osteoblast activity, and new bone formation. Blood testing exhibited no significant changes arising from the WZ42 alloy
compared to the two control groups. No recognizable differences in the morphology and more importantly, no accumu-
lation of Mg, Zn, and Ca in the kidney and liver of rats were observed. These load bearing model results collectively taken,
thus demonstrate the feasibility for use of the Mg-Y-Zn-Zr-Ca alloy for long bone fracture fixation applications.
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Introduction
Magnesium (Mg)-based high strength alloys have

received escalated interest in the medical devices commu-
nity for a variety of degradable implants, predominantly
in orthopedic and craniofacial applications. Numerous
studies in animals,' as well as recently humans> have
overall shown the good biocompatibility of Mg alloys
when implanted within or surrounding bone. These
results combined with the comparable mechanical prop-
erties of Mg with natural bone* and its ability to degrade
have made Mg and its alloys an attractive choice. Mg has
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also been reported to have a positive influence on bone
growth,”’ with in vivo studies showing higher bone mass
found around the Mg bone implants compared to con-
trols of polymeric or titanium implants.®®

Among the in vivo studies reported to the best of our
knowledge involving implantation of various Mg alloys
into bone, the vast majority were implanted as rods,
pins, or screws into the femoral diaphysis, with a few
in the femoral condyle and marrow cavity.! Zhang et al.
discovered the crucial role of Mg in promoting calcito-
nin gene-related polypeptide-o(CGRP)-mediated osteo-
genic differentiation that indicated the likely therapeutic
role for Mg alloys in fracture healing.® Wu et al. also
observed that Mg extract could promote the formation
of osteoblasts with inhibitory effect on the differentia-
tion of osteoclasts.’ This in turn facilitates fracture heal-
ing of bones. In recent years, where investigators around
the globe implanted pure Mg or Mg alloy into the bone,
there are limited instances where Mg implant was used
to bear the load to provide fixation for fractured bone.
Typically, in a non-load bearing model, a hole is pre-
drilled into the bone and the implant is then either press-
fitted or screwed into place. Also, sometimes a bone
fracture is created. In a load bearing model however, a
full fracture is created in the bone and holes are pre-
drilled into two sides of the fractured ulna to place
plate and screw for fracture stabilization. Recently,
Jahn et al. used Mg-2Ag pins in a mice model to support
the fractured femora and determined that the use of M g-
2Ag pins significantly promoted callus formation at the
fracture site.'® Similar results were also seen in rabbit
load bearing model for ulna fracture.'"

In the current study however, our main focus is to
pursue and analyze a fully load bearing model, wherein
the complete fracture of the rat femur was intentionally
only fixed using the implant pins of the Mg alloy, Mg-
Y-Zn-Zr-Ca (WZ42) without any external fixation, and
the performance was compared to that of the pins
machined from the commonly used medical grade tita-
nium alloy, Ti6Al4V. The model by intentional design
bears the dual characteristics of exposing the system to
considerable stress in the absence of any external
immobilization, since the animal is allowed to ambu-
late immediately following surgery as well as creating
ideal conditions for inducing stress corrosion to the
implanted Mg alloy pins.

Previously, our group has explored yttrium (Y),
zirconium (Zr) and calcium (Ca) as alloying elements
to Mg."*'* Y is known to strengthen the grain bound-
aries of Mg alloys and improves the corrosion resistance
when alloyed with Mg above 3 wt.%.">"'7 Mg-Y alloys
were also recently studied in both in vitro and in vivo
bone models showing good cytocompatibility results.'®
Zr serves as a good grain-refining agent, providing grain
boundary strengthening and corrosion resistance.'®>*

Furthermore, Zn is well known to mechanically
strengthen Mg through solid solution hardening mech-
anism.” In addition, Mg-Y-Zn has been explored pre-
viously for stent applications due to its good corrosion
rate.”®*” Recently, in vitro studies have also helped to
understand the corrosion behavior and mechanism of
Mg-Y-Zn-Zr alloys.*** Ca is a major mineralized com-
ponent in bone, and also improves corrosion resistance
and mechanical properties of pure Mg up to addition of
1 wt.%.** 3 In the past, density functional theory work
conducted by our group has also demonstrated that
alloying of Mg with Ca and Y favors the development
of a stable and chemically less reactive hydroxide layer
to impart greater corrosion resistance."* We therefore
chose to use to study Mg-Y-Zn-Zr-Ca alloy in an in
vivo model due to its superior mechanical strength and
improvised corrosion resistance.'?

Moreover, the load bearing model selected has concep-
tual similarities mimicking orthopedic fixation devices
such as Kirschner wires (K-wires) and Steinmann pins —
thin rods that are drilled or tapped through the bone frac-
ture fragments to maintain the anatomical congruity and
biomechanical stability required for optimal bone healing.
Currently used stainless steel and titanium K-wires are
removed after the bone has healed, necessitating a second-
ary removal procedure the patient must endure. To allow
for easy removal of the K-wire during this secondary pro-
cedure, the ends of the rods are usually left outside the
skin, forming a “pin-tract” that typically may act as a
conduit for causing infection.™ 3> Other complications
arising from these fixation devices include nerve injury,
pain, osteomyelitis, and migration.*3* These short-
comings of K-wires and other common orthopedic devices
derived customarily from existing inert metals could there-
fore be avoided through the use of degradable Mg alloys.

In addition to wutilizing this challenging load
bearing model with intramedullary fracture fixation
pins, WZ42 wires were also wrapped around the
mid-diaphysis region of un-fractured femurs forming
a cerclage cuff. Our secondary objective is thus to
also compare the degradation and tissue response to
the Mg alloy implanted in different regions — WZ42
intramedullary pins versus WZ42 over-the-cortical-
bone cuffs. With these two implants, in this study,
we systematically assessed in vivo corrosion, bone heal-
ing, and host response to provide an overall evaluation
of the degradable WZ42 Mg alloy when utilized in
orthopedic device applications.

Materials and methods

Preparation of Mg-Y-Zn-Zr-Ca implants

The procedure for melting and casting the WZ42 alloy
(nominal composition of Mg-4.0%Y-2.0%Zn-1.0%Zr-
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0.6%Ca in wt. %) was conducted as described by our
group previously.'? Briefly, alloying elements in pure
form and contained in Mg master alloys (Institute of
Metal Research, Chinese Academy of Sciences,
Shenyang, China) were melted in an electrical resis-
tance furnace (Wenesco Inc., Chicago, IL, USA)
under the protection of Ar+1.5% SFg cover gas
(Butler Gas Product, Pittsburgh, USA) and cast into
a cylindrical mild steel mold preheated to 500°C after
stirring and holding for 30 min to achieve dispersion of
Zr.">¥ After casting, a solution treatment of 400°C
was applied for 20 h, and the ingot was quenched
to room temperature in water to increase the alloy’s
ductility and homogenize the secondary phases.*® The
ingot was extruded at a temperature of 450°C with an
extrusion ratio of 30 to improve the corrosion resis-
tance and mechanical properties.*® The extruded
WZ42 and control material Ti6Al4V (Goodfellow
Corporation, Coraopolis, PA, USA) were then lathe
machined into pins with dimensions of 15 mm length-
x 1.66 mm diameter. Thin wires of 20 mm length and
0.68 mm diameter from the lath machine were
obtained, as the alloy was ductile enough to draw with-
out rupture or fracture. Schematics and photographs of
the machined pins and wire cuffs are shown in Figure 1.
The implants were sonicated in washes of acetone and
isopropanol and dried before undergoing sterilization
by gamma radiation (2 x 10° ¢Gy, 23.5 Gy/min, cesium
137 source, Mark I 68, JL Shepherd and Associates,
San Fernando, CA, USA).

Surgical model and study protocol

All the animal experiments were approved by the
University of Pittsburgh’s Institutional Animal Care
and Use Committee. Before surgery, female Sprague-
Dawley rats weighing 250-300 g were anesthetized by
inhalation of isoflurane at a concentration of 2-5% for
initiation of sedation and 0.25-4% for maintenance.
Only the right hind limb of each rat was operated.
Photographs of the surgical procedure are shown in
Figure 2. First, the right hind limbs were shaved and
disinfected, and an approximately 2 cm incision was
made over the dorsolateral right femur, with location

(a)

. | 0.68 mm

indicated in Figure 2(a). The skin and mid-diaphysis
region of the right femurs were exposed through a lat-
eral approach. A complete femoral osteotomy was cre-
ated using a circular saw (Figure 2(b)). The WZ42 or
Ti6Al4V fixation pins were inserted first into the intra-
medullary space of the distal portion of the fractured
femur (Figure 2(c)), and then inserted into the intra-
medullary space of the proximal femur (Figure 2(d)),
with the fracture approximated as seen in Figure 2(e).
In the case of the wire cuffs, the right femur was not
cut, and the wires were wrapped around the midsection
of the diaphysis over the periosteum and pressed
against the bone to avoid any translation along the
shaft of the femur or migration (Figure 2(g)). After
the samples were implanted, the fascia and the muscles
were closed with 3.0 VICRYL (J315), and the skin was
closed using non-absorbable monofilament 3.0 polyam-
ide sutures (Figure 2(f)).

Post-operative pain and distress were observed daily for
expressions of stress and behavioral abnormalities, changes
in movement, food, and water intake. Furthermore, the
right hind limbs were clinically observed on a daily basis
for any signs of infection, wound dehiscence, presence of
gas pockets (GPs), or abnormal posture/thigh anatomy.

Groups of five animals for both WZ42 and Ti6Al4V
pins were used for each time point of 2, 8, and 14 weeks
postoperative respectively, for blood values, tissue sam-
ples (liver, kidney, femurs with surrounding soft tis-
sues), and micro-computed tomography (nCT)
analysis, and groups of six animals were implanted
with wire cuffs with a single time point of 14 weeks
for toxicological assessment, as displayed in Table 1.
The number of animals (n) used per group per time
point were determined following the published litera-
ture on testing of Mg alloys and evaluating their
corrosion, biocompatibility, local and systemic toxic-
ities, and other factors similar to this study.'®*' The
end point of this study (i.e. 14 weeks) was estimated
based on the complete fracture healing time reported in
the literature.®'® Immediately following sacrifice, the
liver, kidney, and experimental group femurs were col-
lected and stored for further analysis as described in the
following sections. Three rats receiving no surgery were
also sacrificed to serve as the naive control group.

(b)

=

20 mm
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Figure |. Schematic (a) and photograph (b) of sharpened pins (lower) inserted into the femoral intramedullary cavity and wire cuffs
(upper) wrapped around the mid-diaphyseal region. In (a), the wire was machined straight and then coiled around the femur

during surgery.
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Figure 2. Surgical procedure used to implant metallic samples: (a) photograph of pins inserted into the femoral intramedullary cavity
(bottom) and wire cuffs wrapped around the mid-diaphyseal region (top). Pin model — (a) markings indicating landmarks and the skin
incision to expose the femur; (b) fracture being created in rat femur using circular saw; (c) pin inserted into marrow space of one side
of fractured femur; (d) pin inserted into other side of femur create an intramedullary fixation; (e) fracture closed with pin maintaining
alignment and fixation; (f) surgical site fully closed and sutured. Cuff model — (g) After skin incision and femur exposure, the bone was
left intact without osteotomy, and a wire was wrapped around the midsection of the femur as a cerclage.

Table I. Summary of number of rats in each group at time points used in study.

Time point: Pre-operative 2 Weeks 8 Weeks 14 Weeks 14 Weeks
Intramedullary pin Cuff

Ti6Al4V 5 5 5 6

WZ42 5 5 5 6

Naive 3

X-ray imaging

Conventional X-ray imaging (Portable X-Ray SY-31—
100, Soyee Products LLC, USA) was performed on rats
only at one week post-operatively to examine the posi-
tion of the implants and stability of the fracture. For
that purpose, the animals were anesthetized with iso-
flurane. Conventional X-ray was not used to access the
fracture healing of the rats with time.

Blood cell count and serum biochemical
measurements

Blood samples were collected from animals before
operation (baseline) under anesthesia by tail snip and
terminally (2, 8, and 14 weeks post-implantation) by
cardiac puncture. Whole blood cell counts were per-
formed by Marshfield Labs (Cleveland, OH, USA)
using a Sysmex XT2000i Automated Hematology
Analyzer (Sysmex Corporation, Kobe, Japan) with
provided reference ranges.*” Serum samples were

obtained by centrifuging collected blood at 2000 r/min
for 10 min at 4°C. Serum biochemical tests were con-
ducted by Marshfield Labs using an Olympus AU
chemistry analyzer (Olympus Corporation, Tokyo,
Japan) with reported reference ranges established by
Marshfield Labs.

Micro-computed tomography imaging

Plastic embedded rat femurs were used for high-
resolution pCT scanning (VivaCT40; Scanco Medical,
Switzerland). WZ42 alloy samples were scanned with
continuous rotation pCT at 10.5 um voxel size before
implantation and after retrieval along with surround-
ing tissue post-operatively at 2, 8, and 14 weeks. The
reconstructed data sets were used to generate a 3D
volume from which the remaining metal rod was dis-
tinguished from the surrounding degradation products
and bone by using a histogram of grey values based on
densities. A density threshold for the metal pins was
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used to isolate the volume of remaining Mg alloy from
the surrounding material and compared to the volume
of the pins before implantation to estimate in vivo cor-
rosion rate using the following equation adapted from
the standard ASTM G31%

C=(KxV)/(AxT)

where C is the corrosion rate (mm year™' or mmpy),
the constant K is 8.76 x 10*, V is the volume loss (cm3),
A is the initial sample area exposed (cm?), and T is the
time of exposure (h).

Histological preparation and analysis

Specimens of liver and kidney were fixed in 10% neu-
tral buffered formalin, dehydrated, then infiltrated and
embedded in paraffin. This was primarily done to rule
out hepatotoxicity and renotoxicity, primarily due to
rare earth elements such as Y. They were stained with
hematoxylin and eosin (H&E) and investigated for cell
infiltration, tissue morphology, and pathological
changes due to the degradation and clearance of the
WZ42 alloy in these critical visceral organs.

Femurs were fixed in 70% ethanol, dehydrated, and
infiltrated and embedded in Osteo-Bed Plus methyl
methacrylate-based embedding kit (Polysciences, Inc.,
Warrington, PA, USA). The plastic blocks were sec-
tioned with a rotary microtome (Leica RM 2255,
Leica Biosystems, Buffalo Grove, 1L, USA) and
stained using Goldner’s Trichrome and alkaline
phosphatase stains to observe bone morphology and
osteoblast activity at the site of the fracture and sur-
rounding the implants.** No quantitative analysis of
the histological data was performed.

Tissue digestion and elemental analysis

Liver and kidney tissues were digested to allow for
measurement of the elemental concentration using
inductively coupled plasma with optical emission spec-
troscopy (ICP-OES). First, the tissues were dried at
70°C for 24h, then homogenized and weighed. The
samples were then digested by immersion in 20 ml
nitric acid/g tissue for 6 h at 70°C, followed by the
addition of 4ml hydrogen peroxide/g tissue for 1
h and 4 ml sulfuric acid/g tissue for 1 h. Samples
were then diluted 50x in ultra-pure deionized water
(purified using Milli-Q Academic, Millipore, Billerica,
MA, USA), filtered in 0.45 um syringe filters, and ana-
lyzed for Mg and presence of various alloying element
concentrations at 8 weeks and 14 weeks by ICP-OES
(ICP-OES, iCAP duo 6500 Thermo Fisher, Waltham,
MA, USA).

Statistical analysis

Statistical analysis was conducted using the SPSS
Statistics 17.0 (SPSS Inc., Chicago, IL, USA).
Differences between the groups were analyzed using
one-way ANOVA with post-hoc testing using the
Gabriel’s pairwise test. P < 0.05 was accepted as a statis-
tically significant difference between the means and is
accordingly denoted in the figures. Error bars within
the figures represent the standard deviation.

Results

Fixation of femoral fracture using Mg-Y-Zn-Zr-Ca
alloy pin

The intramedullary pins were successfully inserted into
the fractured femurs during surgery with the fractures
being approximated as seen in the one-week postopera-
tive X-ray images of Figure 3(a) to (c), despite the slight
mismatches between the pin diameter and the diameter
of the intramedullary cavity observed in 68% (13 of 19)
of cases (Figure 3(b), red arrow) owing to manual sur-
gical placement resulting in a small gap or misalignment
in the two sides of the fractured femur. Also, it can be
noted that the pins are larger in proportion to fractured
bone site due to rat anatomical size restrictions. This
may result in reduced osteogenic involvement of bone
marrow-derived cells. All the wire cuffs, however, main-
tained their position wrapped around the femur as
shown in Figure 3(d) and (e).

Small pockets of dead space, as seen in Figure 3(b),
noted by the yellow arrow, were observed in the one-
week X-rays of 73% (19 of 26) of the rats with
implanted WZ42 alloy pins or cuffs, likely caused by
the hydrogen gas evolved from the degrading Mg
implants. Despite their presence in the X-ray images,
no bulges in the skin in the hind limb of the rats were
observed during the required frequent visual inspection
of the rats during the study. The rats had regained
mobility by postoperative day 7.

Systemic toxicity to Mg-Y-Zn-Zr-Ca implants

Total blood cell counts are listed in Table 2, which gen-
erally did not reveal any disturbance in the blood count
values, with all parameters remaining within the refer-
ence ranges or near the pre-operation levels. Small dif-
ferences from the reference ranges or naive levels were
observed for low platelet counts in the WZ42 cuff group,
and WZ42 and Ti6Al4V pins at 14 weeks, while elevated
postoperative white blood cell counts were seen at two
weeks for both WZ42 and Ti6Al4V pins.

Similarly, serum biochemical parameters are shown
in Table 3, with kidney function measured by creatinine
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Figure 3. One-week postoperative X-ray images of implanted sharpened pins and cuffs (a) WZ42 pin in right femur of rats; (b)
WZ42 pin in right femur of some rats showing fracture misalignment (red arrow) most likely due to thick nail and absence of pin
locking mechanism and dead spaces (yellow arrow, circle) due to hydrogen gas formation; (c) Ti6AI4V pin (white arrow) in the right
femur of rats (d) WZ42 wire cuff (white arrow) in right femur of rats showing maintenance of position and (e) Ti6Al4V wire cuff
(white arrow) in the right femur of rats. Scale bar ~ 5 cm.

Table 2. Average blood cell counts of naive animals and animals implanted with WZ42 and Ti6Al4V alloy pins and cuffs at 2, 8, and 14
weeks after implantation.

Implantation Red blood White blood
Name time cell count Hemoglobin Platelet count cell count
Units 10%/pL g/dL 103/uL 103/uL
Ref. ranges (7.00-9.00) (13.7-16.8) (680—1280) (1.1-7.5)
Naive 74+03 14.1 £0.9 618.3 £200.6 68123
WZ42 pin 2 Weeks 80+0.3 14.3+0.6 839.0 £ 140.3 86+ 1.5
Ti6Al4V pin 2 Weeks 7.8+04 149+0.7 656.0 +93.4 9.0+1.2
WZ42 pin 8 Weeks 74+0.5 13.8+1.2 N/A 6.8
Ti6Al4V pin 8 Weeks 74+03 142+0.4 637.8 £ 168.6 59+1.6
WZ42 pin 14 Weeks 7.7+£04 142+£0.5 595.8+179.8 59+2.1
Ti6Al4V pin 14 Weeks 75+04 14.0£0.7 563.0 £ 164.5 59+27
WZ42 cuff 14 Weeks 7.1 £0.2 13.9+04 461.0+56.6 22+1.0
Ti6AI4V cuff 14 Weeks 7.6 +£0.4 13.8+0.7 637.0£96.5 58+ 1.4
and urea levels, and liver function measured by the albu- Electrolyte parameters such as Ca, sodium, chloride,

min, alkaline phosphatase, bilirubin, and glucose. All phosphorus, and Mg were measured from the serum
the parameters measured remained within the reference samples, which are shown in Table 4. Importantly, Mg
ranges or near the pre-operation levels, demonstrating levels remained in the low end of the reference ranges,
little effect of the implanted alloy materials on the indicating no accumulation of the degrading Mg from
kidney and liver function as well as the metabolism. the implants in the collected blood. All the other
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Table 3. Average values of serum metabolic parameters of naive animals and animals implanted with WZ42 and Ti6Al4V alloy pins and cuffs at 2, 8, and 14 weeks after implantation.

AIG

Total

Total

Implantation

time

ratio

Bilirubin Protein Albumin Urea N Creatinine Globulin

ALP

ALT(GPT)

Glucose

Name

g/dL g/dL mg/dL mg/dL g/DlI

mg/dL

U/L

uU/L

mg/dL

Units

(13-19)

(59-166) (232-632) (0.0-0.1) (58-7.1)  (32-3.7)
3340.1

55.8+9.2
573+79

(70-308)

Ref. ranges

Naive

0.37 +0.08
0.50 +0.00
0.42 +0.04
0.52 +0.08
0.534+0.05
0.56 +0.05
0.52 +0.04
0.58 +0.04
0.52 +0.04

207+ 1.9

57+0.1
6.3+03
6.2+0.1
6.4+03
6.4+03
6.4+0.1
6.3+03
6.3+03
62+03

0.17+0.10
0.184+0.05
0.14 4+ 0.05
0.24 4+-0.05
0.184+0.05
0.20 +0.00
0.18+0.04
0.20 +0.00
0.18 +0.04

175.2+20.3
1483+ 13.6
151.2+21.8
163.2+30.4
201.5+40.2
183.8+33.3
187.0+ 335
1552 +21.7
163.6 +30.3

181.2+19.8
155.8+26.7
322.0+94.4
294.5 +205.0
204.8+75.9
177.8 +47.1
229.54+ 1985
123.6 +36.3
154.4+53.6

3.0+0.1

203+£5.6
17.6 +2.1

23.6+2.1

33+02
3.3+0.1
3.5+0.1

2 Weeks

WZ42 pin

29+02
29+03
27+0.1
27+0.1

66.3 +20.3
80.4+13.9
545+ 179
65.6 £8.7

2 Weeks

Ti6Al4V pin
WZ42 pin

8 Weeks

21.8+29
222+1.6

3.7+02
3.6+0.1

8 Weeks

Ti6Al4V pin
WZ42 pin

14 Weeks

26+0.2
26+02
2.64+0.2

21.8+£25
248+22
19.6+1.9

37102
37+02
3.6+0.1

568+ 15.8
640+77
50.2+3.4

14 Weeks

Ti6AI4V pin
WZ42 cuff

14 Weeks

14 Weeks

Ti6Al4V cuff

electrolytes similarly also remained consistent with the
levels of the naive rats and the prescribed allowable ref-
erence ranges.

ICP-OES results of the acid-digested liver and
kidney (Figure 4) also demonstrated no accumulation
of Mg (Figure 4(a)) exceeding the normal levels seen in
the naive control rats in the collected liver and kidney
tissue in the WZ42 or Ti6Al4V groups. In fact, it was
interesting to note lower concentration of Mg in the
kidney tissues primarily in the WZ42 pin group when
compared with naive controls. Ca and Zn (Figure 4(b)
and (c¢)) concentrations in the liver and kidney also did
not deviate from the normal levels. Some differences
were observed between the various groups; however,
no significantly higher levels in the WZ42 groups of
Mg, Ca, or Zn compared to naive controls were
observed. The concentrations of other alloying elements
(Y and Zr) measured from the digested liver and kidney
were also perceived to be too low to be differentiated
from the control at 8 weeks and 14 weeks, with Y being
present in <0.7pg/g dry mass in both the liver and
kidney, and Zr present in<2.2 pg dry mass in both
the liver and kidney.

Histological examination of liver and kidneys

Conventional light microscopy images (Figure 5 for
kidney and Figure 6 for liver) revealed that the cellular
structure of the liver and kidney did not undergo any
notable morphological changes or infiltration by
inflammatory cells. No signs of any obvious abnormal-
ities were also observed in any of the organ sections.

In vivo corrosion of Mg-Y-Zn-Zr-Ca alloy pins and
morphology of surrounding bone

Representative cross-sectional pCT slices obtained from
the femur-implant complex are shown in Figure 7.
After two weeks of implantation, all the implanted
pins had broken as seen in Figure 7(a), despite all the
pins appearing to be intact after one week as observed
by X-ray (Figure 3). These pin failures occurred near
the site of the femoral fracture, resulting in malunion.
In addition, sites of pits of corrosion appeared at the
junctions where the pins were clamped in collets during
lathe machining seen in Figure 7(a). Both these two
regions where the corrosion/failure occurred corre-
sponded with the regions of likely higher stress, since
the animals were allowed to ambulate immediately fol-
lowing surgery without any immobilization. One limi-
tation of our study is that we did not perform
quantitative analysis of the radiographical and histo-
logical information for fracture healing. Progressive
degradation throughout the pins was observed at
8 and 14 weeks (Figure 7(b) and (c)). Regions of the
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Table 4. Average values of electrolyte parameters of naive animals and animals implanted with WZ42 and TiéAl4V alloy pins and cuffs
at 2, 8, and 14 weeks after implantation.

Name Implantation time Calcium Sodium Chloride Phosphorus Magnesium
Units mg/dL mmol/L mmol/L mg/dL mg/dL
Ref. ranges (9.5-13.9) (146—-151) (98—104) (5.6-16.8) (3.8-5.5)
Naive 9.8+0.2 1382+ 1.9 100.5+ 1.0 55+02 20+0.2
WZ42 pin 2 Weeks 11.24+0.1 1448+ 1.7 101.0+ 1.4 85+09 29+03
Ti6Al4V pin 2 Weeks 11.5+0.5 143.8+ 1.6 100.2+2.2 9.7+£19 34+04
WZ42 pin 8 Weeks 11.6+0.5 1444+ 1.9 100.6 2.8 9.7+t 14 3.5+0.5
Ti6Al4V pin 8 Weeks 11.8+0.6 146.5+ 1.0 100.0+ 1.4 11.3+0.8 39+04
WZ42 pin 14 Weeks 11.4+0.3 1478+ 1.9 100.2+2.0 9.8+0.7 3.6+0.2
Ti6Al4V pin 14 Weeks 122+ 1.1 1452 +2.6 99.0+£2.0 9.6+1.2 3.6+0.6
WZ42 cuff 14 Weeks 11.34+0.2 147.0+0.7 101.4+0.9 9.1+ 14 32+0.2
Ti6Al4V cuff 14 Weeks 11.6+0.3 147.6 = 1.1 99.6 £ 1.7 92+0.7 3.3+0.2
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Figure 4. Average Mg (a), Ca (b), and Zn (c) concentration in digested liver and kidney samples of rats implanted with femoral pins
and cuffs of WZ42 and Ti6Al4V for 8 and 14 weeks compared to naive control rats. Significant difference * (p < 0.05) between Mg
concentration in kidneys of rats implanted with WZ42 pins for eight weeks and naive control rats and t (p < 0.05) between Zn

concentrations in kidneys of rats implanted with WZ42 pins for eight weeks and cuffs. n < 3 per extract concentration per group per

time point.

pin surrounded by the cortical bone appeared to
degrade more slowly. pCT scans of the intact femurs
with WZ42 wire cuffs wrapped around the midsection
of the diaphysis (Figure 7(d)) revealed what appeared
to be new bone (Nb) formation in the region surround-
ing the degrading cuffs indicated by arrows, despite the
cuffs having completely degraded after 14 weeks when
the scans were performed.

Following segmentation of the remaining WZ42
pins from the surrounding degraded product and
bone, 3D reconstructions of the pins were created
from which the volume was calculated. This remaining
volume was used to calculate the corrosion rate at the
end of the 2, 8, and 14 weeks as shown in Figure 8.

Degradation was found to occur more rapidly ini-
tially at two weeks, after which the corrosion rate was
reduced and stabilized as seen by the lower corrosion
rates calculated for 8 and 14 weeks. After the final time
point of 14 weeks, approximately 43% of the original
alloy pin volume remained.

Local tissue response to Mg-Y-Zn-Zr-Ca alloy pin

Femur explants were collected after 2, 8, and 14 weeks
to assess the local tissue response to the WZ42 pins and
cuffs and observe fracture healing. Sections of the
bone from the femurs containing the pins were stained
using the Goldner’s Trichrome method and are shown
in Figure 9.

After two weeks in rats implanted with the WZ42
alloy intramedullary pins, dead spaces were observed
over the fracture site in the fibrous tissue (FT) (“soft
callus”) that had formed around the bone. This was
likely due to the accumulation of hydrogen gas forming
GPs from the degrading Mg alloy, as this was not
observed in rats implanted with the Ti6Al4V pins.
Osteoid (Od) had formed near the osteotomy region
with FT surrounding the fracture site. After eight
weeks, the empty pocket (dead space) over the fracture
site was not perceived to be as prominent, potentially
due to a slowing of the corrosion rate as measured by
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Ti6AlI4V
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%

14 weeks pins 8 weeks pins

14 weeks cuffs

Figure 5. Representative photomicrographs of H&E stained
kidneys of rats with femurs fixed by pins of WZ42 (a, c) and
Ti6Al4V (b, d) after eight weeks (a, b) and 14 weeks (c, d).
Stained images of kidneys from rats with implanted wire cuffs
WZ42 (e) and Ti6Al4V (f) wrapped around bone for 14 weeks.
Photomicrograph (g) of naive rat. Scale bar =50 pm.

PCT (Figure 8) along with accompanying dissipation of
gas and ingrowth of FT. A greater presence of Od as
well as Nb formation in the periosteal region was
observed progressively at 8 and 14 weeks. At 14
weeks’ post-implantation, in fact, the fracture was not
completely healed when fixed with either WZ42 or
Ti6Al4V pins with narrow gaps remaining between
the fragments of cortical bone not yet filled by
mature cortical bone.

Alkaline phosphatase staining was conducted to
observe osteoblast activity and assess the process of Nb
formation in the region surrounding the defect.
Osteoblast activity was more abundant surrounding the
fracture in the femurs containing WZ42 at 8 and 14 weeks
(Figure 10(c) and (e)) compared to the femurs containing
Ti6Al4V (Figure 10(d) and (f)). In fact, presence of osteo-
blasts appeared to peak at eight weeks for the
WZ42 group.

Goldner’s Trichrome stained sections of tissue near
the site of wire cuff implantation (Figure 11) displayed
Nb as seen in light blue-green as well as FT in the region
surrounding the Mg alloy cuff implant (Figure 11(a)). In

Wz42

Ti6AI4V

8 weeks pins

14 weeks pins

14 weeks cuffs

Figure 6. Representative photomicrographs of H&E stained
livers of rats with femurs fixed by pins of WZ42 (a, c) and
Ti6Al4V (b, d) after 8 weeks (a, b) and 14 weeks (c, d). Stained
images of livers from rats implanted with wire cuffs of WZ42
(e) and Ti6Al4V (f) wrapped around bone for 14 weeks.
Photomicrograph (g) from naive rat. Scale bar =50 pm.

contrast, as expected, Nb formation was not seen
around the inert Ti6AI4V cuff (Figure 11(b)).

Discussion

The work described herein illustrates the response of a
new WZ42 Mg alloy when tested in a challenging fully
load bearing in vivo model prone to considerable stress
corrosion while at the same time demonstrating its bio-
compatibility despite the enhanced corrosion, without
eliciting any toxicity. Moreover, the WZ42 alloy
induced Nb formation and bone healing surrounding
the fractured femur. The main animal model investi-
gated in this work, a closed femoral fracture stabilized
by an intramedullary pin, has been characterized by
various groups studying the expression of genes for
bone and cartilage matrix constituents* and growth
factors,*® the production of cytokines,*’ cell prolifera-
tion and apoptosis,*** and to compare permanent
metal pins for bone healing and mineralization.>
Despite these instances of permanent metals such as
stainless steel or Ni-Ti alloys being used to fix full
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Figure 7. To determine the volume of the degrading WZ42 alloy, pins (highlighted in green) were distinguished from surrounding
bone in micro-CT scans based on density thresholding with representative cross-sectional slices shown after implantation times of
(a) two weeks, (b) eight weeks, and (c) 14 weeks. Cuffs were fully degraded after 14 weeks (d) but new bone formation was seen in

the region the wires occupied (arrows).
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Figure 8. Corrosion rate and % volume remaining of WZ42
pins implanted into rat femurs for 2, 8, and 14 weeks. n > 2 for
each group at each time point. * and t represent significant dif-
ference (p < 0.05) compared to measurements made at other
time points.

osteotomies in rats, it should be noted that such an
aggressive model representing non-immobilization of
the fracture site following insertion of the pins and
exposing the device to the presence of large dynamic
stresses due to the ambulation of the animals immedi-
ately following surgery has been tested only in limited
instances. In fact, very few models such as the one
described herein of fully load bearing type has been
applied extensively to a fracture fixation device

Ti6AI4V

0w
e i

1
]
2 AT !
] ? piatEh
= e I A
N il s Y 1
; }
I A
e 11
g (|
$' i
: o
© ]
1
oy

14 weeks

Figure 9. Photomicrographs of Goldner’s Trichrome stained
sections (40x) of soft and hard tissue at the femoral defect site
fixed by pins of WZ42 magnesium alloy (a, c, e) and Ti6Al4V
(b, d, f) after two weeks (a, b), eight weeks (c, d), and 14 weeks
(e, f) of implantation; (g) representation of region of interest
(black box) imaged along longitudinal plane at defect site.
Cytoplasm, fibrin, muscle, and Ods are represented in red; col-
lagen and bone are represented in green. The dashed line
approximates the implant pin—bone interface, the black dotted
line approximates osteoid regions, and the blue dotted line
approximates the gas pocket. Scale bar =200 pm.

GP: gas pocket; Od: osteoids; FT: fibrous tissue; Nb: new bone.
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Figure 10. Photomicrographs of the localization of ALP (stained blue) at 40x and 100x (inset) of tissue at the femoral defect site
fixed by pins of WZ42 magnesium alloy (a, c, e) and Ti6Al4V (b, d, f) after 2 weeks (a, b), 8 weeks (c, d), and 14 weeks (e, f) of
implantation. Scale bar =200 pm in 40x images, 100 pum in 100x. Pin located on right side all images.

Ti6Al4V

sl
)

Figure | 1. Photomicrographs of Goldner’s Trichrome stained sections (40x) of soft and hard tissue at the implant-bone interface
where wire cuffs of WZ42 magnesium alloy (a) and Ti6éAl4V (b) were wrapped around bone for 14 weeks of implantation.

(c) Representation of region of interest (black box) imaged along longitudinal plane at defect site. Cytoplasm, fibrin, muscle, and
osteoids are represented in red; collagen and bone are represented in green. The dashed line approximates the location of the WZ42

wire. Scale bar =200 pm.
FT: fibrous tissue; Nb: new bone; M: muscle.

manufactured from Mg to date.®'*" It was also the
intent of this study to confirm the safety of WZ42 alloy
in this challenging model and analyze the degradation
behavior as a result of the high stress being placed on
the Mg pins.

To assess the safety of the WZ42 implants, biochem-
ical analysis of the blood and serum was conducted.

The lower than expected platelet levels for the WZ42
and Ti6Al4V pin groups at 14 weeks and WZ42 wire
cuff group also at 14 weeks was likely due to platelet
clumping in samples, which was reported in many sam-
ples analyzed. The slightly elevated levels of white
blood cells two weeks after surgeries for both WZ42
as well as Ti6Al4V represent a common post-surgical
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inflammatory response known to occur during wound
healing,>* which returned to normal levels in the fur-
ther follow-up evaluation; this was paralleled by evi-
dence of no clinical signs of any surgical site infection.
The consistent electrolyte levels as measured in blood
and the stable Mg concentration measured in the
digested kidney and liver signify that the degradation
of WZ42 did not cause any disturbances in the balance
of physiological electrolyte levels. Other studies have
similarly found that blood biochemistry and liver
and kidney function were not affected by Mg alloy
degradation when implanted in bone, confirming the
general safety of the degrading Mg alloys.™® > Along
with the unaltered serum biochemical parameters
suggesting that liver and kidney functions were not
affected by the WZ42 alloy degradation, concentra-
tions of Mg, Ca, and Zn (elements contained in the
WZ42 alloy) in the liver and kidney also did not rise
above the levels measured in naive rats (Figure 4).
Concentrations were also consistent with rats
implanted with Ti6Al4V samples compared at the
same time points.

To further demonstrate the systemic biocompatibil-
ity, H&E staining of liver and kidney samples did
not reveal any signs of organ alteration or damage.
No focal mineralization, acute inflammatory cell infil-
tration, or necrosis were observed in the kidney tissues.
In the liver, no aggregates of inflammatory cells or
features of hepatocellular necrosis, such as irregular
patchy areas of coagulation necrosis were observed.
These results suggest that the WZ42 alloy and its deg-
radation products are systemically biocompatible.
This is consistent with statements by Hartwig that an
intake of high concentration of Mg ions would not
cause any adverse reactions due to the high aptitude
for the excretory system of the kidney and storage buff-
ering capacity from bones to allow the body to main-
tain a balance of serum Mg.°® Moreover, the
biocompatibility and beneficial physiological roles of
Mg, Ca and Zn in bone regeneration are well docu-
mented.”” >? Y and other rare earth elements are com-
monly used as alloying elements to improve the
corrosion resistance and biomechanical stability of
the Mg'> !”: however, the local and systemic toxicity
as well as metabolic pathways of these elements are still
unclear. %! Recently, accumulation of traces of rare
earth elements in the liver, kidney, and spleen of rabbits
after 3.5 years of implantation has been reported.®® It
has also been demonstrated that the degradation of Y-
containing alloy leads to the enrichment of Y concen-
tration in the adjacent and newly formed bones.®*®*
However, the local Y-enrichment disappears with the
complete degradation of the implant and bone remod-
eling with time. In this study, the lack of any detectable
concentration of rare earth elements in the organs is

possibly due to the very short duration of the study,
and therefore, further studies will be required to dem-
onstrate the complete absence of any systemic toxicity
arising from this alloy.

Progressive degradation was observed in the intra-
medullary WZ42 pins as seen in the reducing cross-
sectional area of the implants seen in Figure 7(a)
to (c), and calculated corrosion rate and volume loss
shown in Figure 8. Degradation appeared to occur
preferentially at the fracture site, perpendicular to the
fracture, where the stresses acting on the implanted pin
are expected to be the highest. This synergy of mechan-
ical loading combined with the corrosive environment
of the surrounding fluids in the body has been shown to
cause sudden fracture of implants via the stress corro-
sion cracking (SCC) mechanism.®® This embrittlement
phenomenon may occur even when the applied stress
does not exceed the yield strength of the material,
reducing the time to fracture and causing premature
brittle failure. Mg, suffering from pitting corrosion, a
source from which SCC can develop, has shown sus-
ceptibility to SCC in chloride solutions and simulated
body fluids.®>% Other localized regions of corrosion,
such as near the end of the pin in Figure 7(a), occurred
due to pre-existing flaws likely imparted during the
lathe machining that is indeed inevitable and unavoid-
able, which probably increased the susceptibility
to SCC.*’

Degradation at the site of fracture was also promot-
ed by the higher exposure to the surrounding fluid elec-
trolyte due to small gaps between the two sides of the
femur, acting to produce fluid shear stress and remove
local OH ions to reduce the protection that arises
from the passivation layer.®®® During the early
stages of healing after implantation when inflammatory
responses were occurring, the characteristic hypoxic
and acidic environment optimal for activities of poly-
morphonuclear leukocytes and tissue macrophages’®
would also result in higher corrosion rate due to the
instability of the magnesium hydroxide in acidic con-
ditions”" and infiltration of these cells at the site of
fracture causing phagocytosis of the metal debris.’””
After this initial inflammatory phase and more rapid
corrosion rate occurring at two weeks, the corrosion
appeared to slow down when measured at eight
weeks as the surface of the Mg implant would
become further passivated and the fracture site
enclosed in FT, soft callus, and eventually newly
formed bone, as observed in other studies of Mg
implanted into bone.”® During the bone repair progres-
sion, the pH rises ultimately becoming slightly alkaline
to optimize alkaline phosphatase activity to perform its
role in callus mineralization,”* thereby becoming more
conducive to the formation of the passivating
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magnesium hydroxide layer on the surface of the
degrading WZ42 pins.

The percentage volume remaining did not signifi-
cantly change between two and eight weeks because
the measurements were taken from different samples
at each time point. For the implants used to calculate
the eight-week measurements, the corrosion rate was
lower, so that over time, the volume remaining ended
up being not significantly different from the samples
measured after two weeks which degraded at a much
faster rate. The variation between the samples that
caused the difference in degradation for two- versus
eight-week samples may be due to variability when
the pins failed, or pins not being fully surrounded by
cortical bone due to malunion, thus being exposed to
more surrounding fluid leading to enhanced corrosion.
Surprisingly, at 14 weeks, the corrosion rate was
observed to be relatively higher than that of eight
weeks for the WZ42 pins. This may be due to the for-
mation of smaller fragments of the pins which increases
the overall effective surface area exposed to the sur-
rounding fluids and therefore, increases the corrosion
rate. The thin WZ42 cerclage wires wrapped around
the outside of the femur, while being visually apparent
in X-ray after one week (Figure 3(d)), were completely
degraded after 14 weeks as seen in Figure 7(d) as a
result of their smaller profile as well as being exposed
to a much more corrosive environment having been
placed on the surface of the femur instead of being
surrounded by the cortical bone.

The effect of the degrading Mg alloy on the sur-
rounding tissue was investigated via Goldner’s
Trichrome and ALP staining after 2, 8, and 14 weeks’
post-implantation of the WZ42 and Ti6Al4V intrame-
dullary pins and the extra-cortical cuffs. One major
limitation of our study is that we compared pins
versus cuffs that have a different design and dimension.
The impact of this limitation could be, however, mar-
ginal considering that our goal was primarily to ascer-
tain and compare qualitatively the individual biological
responses of the pins and cuff. After two weeks in rats
implanted with the WZ42 alloy (Figure 3(a), Figure 9
(a)), GPs were observed over the fracture site forming
empty cavities in the surrounding in FT. This was likely
due to accumulation of hydrogen gas from the degrad-
ing Mg alloy, as this is not observed in the Ti6Al4V
pins. The accumulation of hydrogen gas from the Mg
degradation reaction has been observed in numerous
implant studies.”>’® Despite potential concerns of the
effects of these GPs on the healing processes,”® no bone
erosion due to these cavities was however, observed in
the rabbits after one-year follow-up assessment of
another Mg alloy also containing Mg, Y, and Zr”” sim-
ilar in composition to the WZ42 alloy used in the cur-
rent work. After eight weeks (Figure 9(c)), the GP over

the fracture site fixed with WZ42 was not as prominent,
potentially due to slowing of the corrosion rate,
absorption of gas, and accompanying ingrowth of
FT. Clinical implantation of Mg alloy screws also
revealed hydrogen gas formation soon after implanta-
tion, which disappeared through absorption into the
surrounding tissue by approximately two to four
weeks post-surgery.® Despite the appearance of hydro-
gen gas, the formation of calcification matrix was not
inhibited to initiate the bone formation process, allow-
ing for success in the long-term clinical study.’

The bone healing process of the fractured rat femurs
was observed to consist of several phases as observed
using the staining at various time points. After two
weeks, the inflammatory phase of fracture healing
that is inevitable appeared to have passed, with bone
healing entering the reparative phase characterized by
the development of callus tissue forming in and around
the fracture site to be later replaced by bone.”” The
presence of Od was observed near the bone with FT
to indicate the initial composition of the soft callus
surrounding the fracture site. A greater presence of
Od as well as Nb formation in the periosteal region
was observed progressively after 8 and 14 weeks.
After 14 weeks, the fracture was not yet completely
healed with full woven bone when fixed with either
WZ42 (Figure 9(e)) or Ti6Al4V (Figure 9(f)) pins; how-
ever, the presence of mineralized tissue indicated callus
calcification as the mineralization process progressed.’®
The elevated Nb formation seen in the WZ42 group at
8 and 14 weeks was further confirmed by ALP staining
(Figure 10), as ALP is necessary for mineralization of
the callus providing phosphate ions for precipitation
with Ca.” Osteoblast activity as indicated by ALP
staining demonstrated promotion of Nb formation in
the region surrounding the defect at the leading edge to
heal the fracture. ALP activity peaked at eight weeks
for the WZ42 group with higher activity compared to
the Ti6Al4V group. Despite the fracture not having
healed fully due to the instability of the intramedullary
fixation devoid of any immobilization, the healing pro-
cess did not appear to be encumbered or significantly
compromised. It may be noted that, due to the pin size
and the rat bone size constraints, the intramedullary
pins were not fixed (locked) to support the fracture
ends in our study which is typically seen in clinical treat-
ment (nail with locking screws). We realized this might
not avoid instability at the fracture sites and therefore,
result in suboptimal healing. In fact, the prevalence of
Nb formation as seen in the mineralized Nb and oste-
oblast activity in regions adjacent to the Mg alloy
implants confirmed the results of numerous studies
reporting enhanced Nb formation around Mg-based
implants®'"'? related to the cellular activity of Mg
such as osteoconductivity of the phosphate layer
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forming on the surface of the Mg -based implants® and
promotion of enhanced mineralization from the bone
marrow stromal cells.”” Additionally, the consistent
observations of a normal healing response of a fibrous
capsule enclosing the operation site with no abnormal
presence of inflammatory cells at the implant site has
been seen in other reports of Mg scaffolds showing
good biocompatibility®® and indicated the local biosafe-
ty of the Mg alloy. Without a defect created in the case
of the wire cuff placed over the cortical bone, the phe-
nomenon of enhanced Nb formation was confirmed in
the region surrounding the Mg alloy cuff implant com-
pared to the inert Ti6Al4V (Figure 11).

Overall, therefore, the positive biocompatibility and
signs of healing with Nb formation observed in this study
do suggest that the WZ42 alloy employed herein is
indeed a suitable candidate for orthopedic applications,
albeit with some caveats. Care must be taken, however,
to ensure limiting the mechanical stresses placed on the
implant and that a consistent finish on the alloy is
obtained by careful machining so as to reduce the
onset of rapid corrosion via pit formation and potential
failure brought on by ensuing SCC. Immobilization of
the fracture following implantation of the pins could
certainly serve to alleviate the direct exposure of the
implants to the extreme dynamic stresses leading to the
accelerated corrosion likely limiting the complete bone
formation and consequent fracture healing.

The model tested here in the absence of immobiliza-
tion indeed provided an ideal environment contributing
to creating a high dynamic stress on the implant site,
thus loading the femur and completely transferring this
load directly onto the Mg intramedullary pin, leading
to a highly aggressive load and corrosion condition
causing the pins to ultimately fail. The dynamic
nature of the stresses combined with aggressive move-
ment fostered by ambulation of the animals led to var-
iation in the progression of the corrosion. As a result,
variability in the non-union and healing could be
seen (Figure 7(a) and (b)). This aggressive loading
model, nevertheless, showed that despite having such
an aggressive condition that could be perceived as an
extreme event combined with accelerated corrosion,
local and systemic biocompatibility of the alloy was
still observed. Furthermore, although the corrosion
rate was initially higher, hydrogen gas formation was
fairly limited and not externally noticeable, while the
surrounding tissue response, kidney and liver, and
blood parameters all remained normal, thus alluding
to the safety of these alloys. Hence, with temporary
unloading and immobilization as is the standard of
treatment for orthopedic injuries, the risk of failure
of the WZ42 alloy would likely be diminished, still ren-
dering the alloy as a promising orthopedic implant
material, opening up possibilities for implementation

in other medical device applications to be potentially
explored. It is the opinion of the authors of this study
that semi or non-load bearing environments placed on
the orthopedic Mg implants would serve better to fully
demonstrate their safety and efficacy in these settings
before targeting more demanding, stressful applica-
tions such as the one reported here. Already, the path-
way of lesser resistance has been observed by the
reported success of Syntellix screws used for relatively
low-risk hallux-valgus and scaphoid fracture proce-
dures.>®" The work illustrated here and the model
implemented without any harness albeit may not be
ideal for fracture healing and bone formation but nev-
ertheless, provides a compelling and definitive evidence
attesting to the safety and non-toxicity of Mg and the
alloying elements used to process the alloy to the extent
of the size and dimensions used compared to the ana-
tomical site and location of the defects in the rats
employed in the current study.

More detailed studies in larger animals may be nec-
essary, however, to further validate the safety and non-
toxicity observed in the present study. Furthermore,
it is necessary and critical to understand the mechanis-
tic signaling pathways that would throw light on the
enhancement of osteogenic bone response to Mg and
its alloys in a load bearing environment. Another
major drawback of the potential use of Mg alloys in
general, is release of hydrogen GPs that can play a
crucial role in the eventual use of implants in load bear-
ing situation. We plan to overcome this limitation for
translational applications of our alloys by focusing on
the modification of surface characteristics of the alloys
through chemical or physical modifications (e.g. anodi-
zation, surface coating) or use of combined engi-
neered strategies.

Conclusions

WZ42 (Mg-Y-Zn-Zr-Ca) alloy pins were implanted
into the intramedullary cavity of fractured rat femurs
and as wires wrapped around the midsection of un-
altered femurs, comparing the Mg alloy to Ti6Al4V.
We found that the degradation of the intramedullary
pins led to failure due to perceived stress-related corro-
sion initiated at the osteotomy site of high mechanical
loading and surrounding vasculature aiding corrosion.
However, the WZ42 alloy was still found to be biocom-
patible with no recognizable accumulation of Mg or
alloying elements in the blood, liver, or kidney, and
no adverse effects on blood count, or metabolic,
kidney, and liver function. Histology of the local area
at the implant site showed normal fracture healing and
Nb formation. These positive results despite the chal-
lenging nature of the model indicated the promise of
this particular alloy, WZ42, for orthopedic fixation
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applications. Future studies may be directed to further
optimize the alloy processing and composition techni-
ques used with the primary goals of improving the cor-
rosion and mechanical properties to avoid device
failure. Additional animal studies in large animals to
simulate the actual orthopedic device use with low or
semi-load bearing environments, along with fracture
stabilization (with screws and plates, especially biode-
gradable ones) will further validate the WZ42 alloy’s
safety and efficacy. Research in these directions will
likely help advance the findings of the current research
described in this paper with the aim of more wide-
spread adoption of Mg alloys to improve the quality
of treatment provided by orthopedic and craniofacial
medical implants.
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