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Abstract

Magnesium (Mg) alloys have many unique qualities which make them ideal candidates for bone
fixation devices, including biocompatibility and degradation in vivo. Despite a rise in Mg alloy
production and research, there remains no standardized system to assess their degradation or
biological effect on human stem cells in vivo. In this study, we developed a novel in vivo model
to assess Mg alloys for craniofacial and orthopedic applications. Our model consists of a
collagen sponge seeded with human bone marrow stromal cells (hBMSCs) around a central Mg

alloy rod. These scaffolds were implanted subcutaneously in mice and analyzed after eight
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weeks. Alloy degradation and biological effect were determined by microcomputed tomography
(microCT), histological staining, and immunohistochemistry (IHC). MicroCT showed greater
volume loss for pure Mg compared to AZ31 after eight weeks in vivo. Histological analysis
showed that hBMSCs were retained around the Mg implants after 8 weeks. Furthermore,
immunohistochemistry showed the expression of dentin matrix protein 1 and osteopontin around
both pure Mg and AZ31 with implanted hBMSCs. In addition, histological sections showed a thin
mineral layer around all degrading alloys at the alloy-tissue interface. In conclusion, our data
show that degrading pure Mg and AZ31 implants are cytocompatible and do not inhibit the
osteogenic property of hBMSCs in vivo. These results demonstrate that this model can be used
to efficiently assess the biological effect of corroding Mg alloys in vivo. Importantly, this model

may be modified to accommodate additional cell types and clinical applications.
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1. Introduction

Each year, there are approximately six million bone fractures in the United States, often
requiring the use of fixation devices to facilitate healing [1]. Traditionally, bone fixation devices
have been made with permanent metals such as titanium alloys. Unfortunately, these materials
can cause numerous long term complications and may ultimately require removal through a
second surgery [2-7]. To circumvent these issues, resorbable polymers have been developed
[8]; however, their lack of mechanical stability has rendered them inadequate for many load
bearing applications such as mandibular and long bone fixation [9]. In addition, composite
materials such as hydroxyapatite or bioglass contained polyetheretherketone (PEEK) are under
development [10]; however, long term foreign body reactions to resorbable polymers have been
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reported [11-13]. For these reasons, there remains a need to develop novel materials for
fracture fixation applications.

Unlike permanent metals and resorbable polymers, degradable magnesium (Mg) alloys can
provide an ideal balance of degradation and strength. Mg alloys are biocompatible [14-19], have
initial strength and mechanical properties similar to bone [2], and have demonstrated good
osteointegration [20, 21]. Furthermore, studies have shown that Mg?, a product of Mg
degradation, may enhance bone formation [2, 15, 22]. For example, a recent study by
Yoshizawa et al highlighted the connection between Mg ion and signaling pathways involved in
bone formation, emphasizing the potential for these materials in craniofacial and orthopedic
applications [23]. For these reasons, numerous Mg alloys are being developed; however, to our
knowledge there is no method described in the literature to assess Mg alloy degradation and
their cytotoxic or osteogenic behavior on human cells in vivo.

Traditionally, alloy corrosion has been studied with in vitro systems; however, in vitro
corrosion is often not indicative of in vivo behavior [24-26]. Similarly, the biological effect of
degrading Mg alloys is often tested in vitro through direct or indirect assays. Unfortunately,
these systems are usually not suitable for studying long-term effects. Furthermore, the observed
in vitro cellular response may vary significantly from in vivo tissues [14, 25]. For these reasons,
we have established a new system to study Mg alloys and their biological effect in vivo.

Although this work focuses on the effect of Mg alloys on human bone marrow stromal cells
(hBMSCs), this model system could be adapted for other cell types and clinical applications.

Previous studies have compared the cellular reaction of cell line (human osteosarcoma cell
line MG63) and primary cultured cells (human umbilical cord perivascular cells HUCPV) to Mg
alloys. Results showed a significant difference in biological response between these cell types,
emphasizing that primary cells should be used for more clinically-relevant analyses [27].
Furthermore, hBMSCs have shown to form bone tissue in vivo when transplanted with certain
biomaterials, such as hydroxyapatite [28], silk scaffold [29], collagen sponge [30], or even cell
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sheets without scaffold [31]. For these reasons, we identified hBMSCs as an ideal cell
population to study the biological effects of Mg alloys for orthopedic and craniofacial bone
regeneration.

To maintain hBMSCs around Mg alloys, a commercially available collagen sponge (Infuse®
Bone Graft), without additional growth factors, was used as a scaffold (although other
biocompatible scaffold could be used). Cells were pre-seeded in the sponge and transplanted
with Mg rods into subcutaneous pockets of immunocompromised mice. We hypothesized that
this model would allow us to closely study the effect of alloy degradation on cell behavior and
osteogenic differentiation. Importantly, these observations allow us to make informed

conclusions regarding alloy potential for craniofacial and orthopedic applications.

2. Materials and Methods

2.1. Cell Culture

Human bone marrow cells were provided to us by Dr. Albert Donnenberg (University of
Pittsburgh) as previously described [32]. All procedures were approved by the University of
Pittsburgh Committee on Research Involving the Dead. Cells were plated at 4x10° /cm? on
plastic culture dishes, and colony forming cells were collected and used as hBMSCs. These
cells were characterized for CD105, CD73, CD34, CD90, CD117, CD133, CD45, and CD44
expression by FACS analysis. hBMSCs were then cultured in 20% fetal bovine serum (Atlanta
Biologicals, Flowery Branch, GA) contained a-minimal essential medium (a-MEM, Life
Technologies, Grand Island, NY) with 1% penicillin and streptomycin (Life Technologies,
Carlsbad, CA) and 1% L-glutamine (Life Technologies). Cells were subcultured to passage four,

and 6x10° cells per sample were prepared for implantation.

2.2. Scaffold and Alloy Preparation



Collagen sponges (Infuse® Bone Graft, Medtronic, Minneapolis, MN) were cut into 7x7x3
mm cubes, and a central hole for the Mg alloy was punched using a 3 mm diameter
Dermapunch™ (Figure 1). The collagen sponges were soaked in culture medium, blotted
(dried) with filter paper, and immediately transferred to cell containing medium at 37°C for 30
minutes to facilitate cell adhesion. Two types of Mg alloys were assessed in this study, 99.9%
pure Mg and AZ31 (contains 3% aluminum and 1% zinc; Goodfellow, Coraopolis, PA). Alloys
were machined as 3x3 mm cylinders, heat treated at 205°C for 1.5 hours, and furnace cooled.
Alloys were then washed by sonication in pure acetone and ethanol for 10 minutes each, and
sterilized under UV light for two hours on all sides. All alloys were kept sterile until implantation.

Mg alloys without cell seeded collagen sponges were similarly prepared and used as controls.

2.3. Surgical Procedure

All protocols for animal experiments were approved by the Institutional Animal Care and Use
Committees at the University of Pittsburgh. Eight to ten week old immunocompromised mice
(BALB/C nude) were purchased from Charles River Laboratories International (Wilmington,
MA). A 2 cm central dorsal incision was made and subcutaneous pockets were created by blunt
dissection. Samples were transplanted into individual pockets and incisions were closed with
surgical clips. Samples were harvested after eight weeks, dissected with surrounded tissue, and

formalin fixed for subsequent analysis.

2.4. Microcomputed Tomography

Mg alloys were scanned by microcomputed tomography (microCT; VivaCT 40, Scanco
Medical AG, Brittisellen, Switzerland) before implantation and after dissection. Scans were
performed at 55 kV, 72 pA, with an integration time of 139 ms (10.5 pym isotropic voxel). After
scanning, alloys were segmented from background and soft tissue using adaptive thresholding
as previously described [33, 34]. Thresholds were defined for each sample based on distinct
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density differences between the Mg alloy and surrounding soft tissue. VivaCT 40 software was

then used to analyze alloy morphology and quantify volume.

2.5. Histological Processing

Dissected samples were embedded in Technovit 9100 New® (Heraeus Kulzer, Hanau,
Germany), allowing sectioning of alloys and mineralized tissue without decalcification. Samples
were sectioned at 6 ym and stained with Hematoxylin and Eosin, von Kossa, and Alizarin Red.
hBMSCs were identified by in situ hybridization using human specific Alu probe with In Situ
Hybridization and Detection Kit (Rembrandt, Amsterdam, Netherland) according to
manufacturer’s instruction. Bone protein expression was analyzed by immunohistochemistry
(IHC) using primary antibodies against human and mouse dentin matrix protein 1 (DMP1; SC-
6551, Santacruz, Santa Cruz, CA) and human and mouse osteopontin (OPN; SC-10593,
Santacruz) with IgG Alexa Fluor® 594 secondary antibody (Life Technologies, Carlsbad, CA).
Bright field and fluorescent images were obtained using a Nikon Eclipse TE2000-E microscope
(Nikon Instruments, Melville, NY). The inflammation in the surrounding tissue of transplants was

analyzed by a pathologist.
2.6. Statistics

Statistical analysis was performed using IBM SPSS Statistics 19 (IBM, Armonk, NY). Alloy
volume loss was compared between material groups (n=4 per group) using a Student’s t-test.
Graphical representations reflect mean + standard deviation.

3. Results

3.1. Pure Mg lost significantly more volume than AZ31 after eight weeks in vivo



Four samples of each alloy were scanned by microCT before implantation and after eight
weeks to quantify volume changes due to corrosion in vivo. MicroCT 3D reconstructions showed
that both pure Mg and AZ31 underwent pitting corrosion; however, pure Mg samples showed
larger voids (<0.2 mm diameter) (Figure 2A). Alloy volume quantification showed significantly
greater volume loss for pure Mg compared to AZ31 after eight weeks in vivo (Figure 2B). Pure
Mg degradation yielded a net decrease in volume of 1.4 mm?, while AZ31 yielded a net

decrease of 0.5 mm?®.

3.2. hBMSCs, calcium and phosphate precipitate, and an appropriate immune response were
observed around all alloys

Mg alloys and surrounding tissue were embedded in Technovit 9100 New®. Blocks were
sectioned perpendicular to the long axis of the Mg rod for visualization of the alloy-tissue
interface. Most Mg alloy sections were not retained during the sectioning or staining processes;
however, their original location remained clearly visible and has been indicated with asterisks
throughout. Hematoxylin and Eosin staining showed normal tissue morphology and cellularity
around all Mg alloys (Figure 3 A-D). An appropriate inflammatory response was observed for all
samples, including fibrous capsule formation (Supplemental Figure 1). For 99.9% Mg, a
mixture, but predominately low intensity inflammatory infiltrate comprised of predominately
lymphocytes, plasma cells, macrophages was seen. For AZ31, a low to moderate intensity
inflammatory infiltrate comprised of a mixture of predominately lymphocytes, plasma cells, and
macrophages was seen (Supplemental Figure 1). No multinucleated giant cells were seen in
sections analyzed. hBMSCs were identified by in situ hybridization using human specific Alu
probe, and were observed surrounding and often directly in contact with the Mg alloys (Figure 3
E-F). hBMSCs appeared flat and formed multiple layers around the alloys. Mineral formation
was analyzed by von Kossa and Alizarin Red. In all samples, a thin (5-20 uym) layer containing
calcium and phosphate was present at the alloy-tissue interface (Figure 4). In some samples,
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this mineral layer appears separated from surrounding tissue due to sectioning artifact caused

by the separation of the Mg alloy during sectioning.

3.3. Bone marker proteins were expressed surrounding degrading alloys

Osteogenic protein expression was analyzed by immunohistochemistry (IHC). For alloys
implanted with hBMSCs, DMP1 (Figure 5) and OPN (Figure 6) expression was observed a
short distance (~100 um) from the alloy-tissue interface. In contrast, for alloys implanted without
hBMSCs, no bone marker protein expression was observed. Although no quantitative analysis

was performed, the AZ31 group appeared to have slightly higher expression of DMP1 and OPN.

4. Discussion

Due to their unique combination of biocompatibility, degradation, and mechanical strength,
Mg alloys are being studied for numerous craniofacial and orthopedic applications. As an
increasing number of alloys are created, there is a growing need to develop a model to assess
the biological effect of alloy degradation on human cells in a cost efficient rodent model.
Importantly, studies have shown that many traditional in vitro assays cannot accurately predict
in vivo behavior [24-26], suggesting that an in vivo assessment model is hecessary.

In the current study, we used commercially available 99.9% pure Mg and AZ31 to elucidate
appropriate analysis methods for Mg alloys. AZ31 contains 3% aluminum and 1% zinc, and was
originally produced to improve corrosion resistance for industrial applications. However, its
corrosion resistance and biocompatibility suggests its promise as a candidate biomaterial for
bone fixation [16]. Although, excess amounts of aluminum have shown to be toxic and
associated with neurological disorders [35], recent in vivo studies using sheep suggest that the
amount of aluminum released by degrading AZ31 bone fixation screws is within the safe range
[36]. For this reason, we identified AZ31 as an appropriate slow degrading alloy to compare with

faster degrading pure Mg.



To begin assessing the implanted alloys, we assessed in vivo corrosion behavior. Currently,
several methods are used to study alloy corrosion in vitro and in vivo, including weight
measurements [25, 37]. This method is largely destructive, requiring surrounding tissue and
corrosion products to be chemically removed, therefore inhibiting the ability to study corrosion
product production or the alloy-tissue interface. For these reasons, we chose to use high
resolution microCT to study changes in alloy volume [25, 33]. To do so, net alloy volume change
was observed visually and quantified. Our data show that 99.9% pure Mg rods underwent
significantly greater volume loss than AZ31 after eight weeks in vivo. Interestingly, it was
previously reported that the corrosion rate of 99.99% pure Mg and AZ31 are similar in a rat
subcutaneous implant model (99.99% pure Mg: 0.221 mm/year, and AZ31: 0.223 mm/year after
21 days) [38]. This suggests a significant difference in the degradation behavior of 99.9% and
99.99% pure Mg; with 99.9% Mg degrading faster than highly pure 99.99% Mg in vivo. This
difference in corrosion rate is likely attributed to microgalvanic corrosion acceleration caused by
impurities in the 99.9% pure material [39].

Both pure Mg and Mg alloys are prone to localized pitting corrosion [25, 39]. During
degradation, a thin corrosion resistant layer forms on the alloy surface; however this layer is
easily disrupted due to Mg'’s reactivity with chloride in the body. Disruption of this layer allows
corrosion to perpetuate, causing surface particles to break off. This localized corrosion spreads
across the alloy surface and may eventually cover the entire alloy [39]. This type of corrosion
changes the shape of alloys in vivo, and subsequently affects their mechanical properties. This
corrosion behavior, along with hydrogen-assisted cracking and transgranular cracking could
ultimately cause Mg alloy fracture [40]. For these reasons, understanding alloy corrosion
behavior is crucial while studying Mg alloys for load-bearing devices. Preference should be
given to alloys which display corrosion behavior most similar to surface corrosion, thereby

avoiding premature catastrophic device failure.



Another key characteristic of degrading alloys is their biological effect. Traditionally, the
biological effect of Mg alloys has been studied in vitro by seeding cells directly on Mg alloys [14,
16, 17]. However, cells often behave differently in vivo due to protein deposition, long term
material exposure, and changes in extracellular matrix [24]. In addition, the degradation rates of
Mg alloys vary in vitro and in vivo. For these reasons, in vivo models are often preferred, such
as calvarial or femoral defects [41] [42]. These functional models allow assessments of
biological responses such as bone regeneration and osseointegration; however, they are
typically limited to accommodating a small number of implants per animal, and do not allow us
to analyze effects on clinically-relevant human cells.

In contrast, our subcutaneous model described herein utilizes a commercially available
collagen sponge seeded with human bone marrow stromal cells and a central Mg rod. Collagen
sponges have been used for bone regeneration for decades due to their excellent
biocompatibility, cell infiltration capacity, and degradation property [45-47]. In this study, the
collagen sponge served as an ideal carrier to maintain cells around degrading alloys. We
recognize that this model cannot fully replicate a functional model (such as those previously
described) due to variations in local tissue environment and subsequent Mg alloy corrosion rate;
however, it provides many advantages to traditional tissue culture methods. In addition, it
utilizes a relatively inexpensive lower rodent model while facilitating clinically-relevant
assessments of the effect on human cells.

Since Mg alloys exhibit potential as bone fixation devices, we have chosen to study the
effect of their degradation on hBMSCs. Specifically, we have focused on assessing
mineralization and osteogenic differentiation of cells surrounding the alloys. In situ hybridization
and histological sections showed that hBMSCs and host cells remained around the degrading
implants, demonstrating the efficacy of this model as a relatively low cost approach to assessing

hBMSCs in vivo.
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Around the alloys, detailed histologic analysis revealed a low to moderate local inflammatory
response, as has been similarly shown with other degradable Mg alloys [19], including fibrous
capsule formation. In addition, von Kossa and Alizarin Red staining identified a calcium and
phosphate rich layer surrounding all samples. This observation is consistent with several other
reports of mineral formation around degrading Mg alloys [15-18, 48]. In the present study, this
mineral layer was observed around all alloys, suggesting there was no effect of the implanted
hBMSCs on this mineral layer formation. Interestingly however, we did observe differences in
bone marker protein expression based on the presence of h(BMSCs. IHC of established bone
marker proteins DMP1 and OPN showed expression surrounding degrading alloys implanted
with hBMSCs. Since no bone protein expression was observed in samples without h(BMSCs, we
speculate that these proteins are either secreted from hBMSCs or hBMSCs influenced secretion
of these proteins from host mouse cells. We are currently pursuing quantitative analysis of these
proteins to provide additional detail. Interestingly, protein expression was observed
approximately 100 um away from the Mg implants. This expression pattern could suggest that
as the Mg alloys degraded, a gradient of Mg ion was diffused into surrounding tissue. Based on
our previous in vitro study, we hypothesize that this gradient stimulated the cells’ osteogenic
activity when it reached a certain, optimal concentration [23]. These findings might also explain
the higher expression of proteins around AZ31 (slower corroding) compared to pure Mg (faster

corroding).

5. Conclusion

In this study, we have developed and tested a novel model to study the biological effect Mg
alloys on human cells in a mouse model. We have demonstrated the effectiveness of our model
in assessing Mg alloys based on their degradation behavior and subsequent biological effect on

both host tissue and implanted hBMSCs in vivo. These data will allow us to more accurately
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identify Mg alloys which are well suited for bone fixation devices. Uniquely, this model may also

be tailored to analyze the biological effect of Mg release from alloys on various cell types.
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Figure Legends

Figure 1. Scaffold schematic of Mg alloy rod with surrounding collagen sponge seeded
with hBMSCs Schematic shows degradation of central Mg rod over time, causing Mg ion
release into surrounding scaffold and cell population.

Figure 2. Pure Mg lost significantly more volume than AZ31 at 8 weeks MicroCT 3D
renderings and volume quantification shows significantly greater volume loss for pure Mg
compared to AZ31 rods in vivo. MicroCT reconstructions show corrosion of pure Mg and AZ31
rods after 8 weeks (A). Net volume loss was quantified from reconstructed volumes before
implantation and after 8 weeks in vivo (B). Averages presented as mean values + standard
deviations. A student’s t-test was used to determine significant differences (* p < 0.05) between
material groups. Volume loss of pure Mg rods was significantly greater than AZ31 rods. Scale
bars are 1 mm.

Figure 3. Transplanted hBMSCs were detected around Mg alloys Hematoxylin and Eosin
stained sections of pure Mg and AZ31 with hBMSCs (A & B) and without hBMSCs (C & D) show
cell localization around implants. In situ hybridization with human specific Alu probe on pure Mg
(E) and AZ31 (F) identifies human cells within the surrounding cell population. hBMSCs were
observed directly surrounding Mg alloys, within fibrous tissue. * indicates implant location. Scale
bars are 100 pm.

Figure 4. Mineral layer was formed at the alloy-tissue interface Alizarin Red staining of
pure Mg and AZ31 with hBMSCs (A & B) and without h(BMSCs (C & D), and von Kossa staining
of pure Mg and AZ31 with hBMSCs (E & F) and without h(BMSCs (G & H) show the presence of
a calcium and phosphate rich layer at the alloy-tissue interface. * indicates implant location.
Scale bars are 100 um.

Figure 5. DMP1 was expressed surrounding Mg alloys Immunofluorescent staining for

DMP1. DMP1 expression was observed a short distance from the alloy-tissue interface for pure
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Mg and AZ31 samples with hBMSCs. DMP1 expression was not observed around alloys
implanted without hBMSCs. * indicates implant location. Scale bars are 100 pm.

Figure 6. OPN is expressed surrounding Mg alloys Immunofluorescent staining for OPN.
OPN expression was observed a short distance from the alloy-tissue interface for pure Mg and
AZ31 samples with hBMSCs. OPN expression was not observed around alloys implanted
without hBMSCs. * indicates implant location. Scale bars are 100 pm.

Supplemental Figure 1. Appropriate immune response was observed around Mg alloys
Hematoxylin and Eosin staining of tissue surrounding pure Mg (A) and AZ31(B). Mild chronic
inflammation was observed around pure Mg, and mild to moderate chronic inflammation was
observed around AZ31. Arrows indicate inflammatory cells (L: lymphocyte, P: plasma cell, and

M: mast cell). * indicates implant location. Scale bars are 50 um.
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