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Airway obstruction though uncommon in the pediatric age group is however, extremely
difficult and challenging to handle. Current gold standard treatment therapies include tracheal
intubation with prolonged mechanical ventilation, implementation of surgical procedures, and
intraluminal airway stents. All the current treatment options are associated with high
complications and failure rates. Commercially available airway stents provide immediate relief
and reduced morbidity and risks, albeit are unsatisfactory in long-term effectiveness. Due to the
obvious deficiencies of currently available treatment options, there is a significant clinical need
for the generation and use of a biodegradable medical device, which maintains airway patency
while safely degrading overtime. Previous preclinical and clinical studies have focused on
designing polymeric scaffolds as extraluminal splint or intraluminal stents. Despite the promising
clinical results, an open surgery is always required to place the extraluminal stents. As for
intraluminal stents, one of the major pitfalls is that the remnants of the degraded stents might
migrate to the bronchi causing progressing dyspnea.

The objectives of this dissertation were to explore the feasibility of a biodegradable
magnesium alloy-based tracheal stents. Six ultra-high ductility multi-phase Mg-Li-Zn-(Al) alloys

were accordingly designed and fabricated. These alloys display ultra-high ductility due to the co-
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existence of both o (HCP) and B (BCC) phases. Further characterization of the six alloys for
microstructure, mechanical properties and in vitro degradation demonstrated superior overall
performance of the Mg-Li-Zn-(Al) alloys. In addition, all the selected alloys exhibited high cell
viability and low cell apoptosis although possibly inhibiting the proliferation of human bronchial
epithelial cells due arrest of cells in the G2/M phase. In vivo subcutaneous implantation of all the
six alloys in mouse further proved the efficacy of these alloys demonstrating low corrosion rate
and excellent tissue compatibility of the Mg-Li-Zn-(Al) alloys. Finally, prototype stents were
fabricated and evaluated both in a bioreactor system and in a rabbit airway model. The stents
showed significantly higher corrosion resistance under flow environments in vitro and safely
degraded in vivo without affecting further growth of the rabbit airway. Both the alloy matrix and
degradation products were well tolerated by the airway tissue without exhibiting noticeable local
and systematic toxicity. In conclusion, the studies demonstrated the feasibility of using Mg-Li-
Zn-(Al) alloy biodegradable magnesium alloy for tracheal stent application. It is anticipated that
this novel approach and the promising results of the study will likely lead to a new treatment

method for airway obstruction.
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1.0 INTRODUCTION

1.1 TRACHEA AND TRACHEAL OBSTRUCTION

1.1.1 Anatomy of trachea

Trachea, as key component of respiratory system, is a flexible air tube that extends from
the larynx to the thorax. The normal size of trachea is about 2.5 cm in diameter and 10 cm in
length. The major function of trachea is to serves as a conduit for air transportation and
conditioning inspired air. (Figure 1.1)

To fulfil the function of airway, the wall of the trachea consists of four layers: (1) mucosa,
which is composed of a ciliated, pseudostratified epithelium and an elastic, fiber-rich lamina
propria, (2) submucosa, which is composed of a slightly denser connective tissue than the lamina
propria, (3) cartilaginous layer, which is composed of C-shaped hyaline cartilages and keeps the
trachea from collapsing, (4) adventitia, which is composed of connective tissue that binds the
trachea to adjacent structures.

For mucosa, the tracheal epithelium mainly contains ciliated columnar cells, goblet cells,
and basal cells. The ciliated columnar cells are the major cell type in epithelium which extended
through the epithelium layer. As shown in Figure 1.1, the cilia appear as short and hair-like

profiles facing toward the surface of trachea. With approximately 250 cilia for each cell, the



ciliated columnar cells function as a ‘mucociliary escalator’ which continuously providing
upward motion to the mucous to pharynx. Goblet cells was named based on the goblet-like shape
of the cells. The main role of tracheal goblet cells is to secrete mucus and maintain a continuous
mucus layer. Beneath the trachea epithelium is a dense layer of collagenous fibers called
basement membrane. And lamina propria is under basement membrane and appears as a typical
loose connective tissue.

The submucosa is hard to distinguish from lamina propria with similar loose connective
tissue. The submucosa contains the larger vessels and lymphatics as well as submucosal glands
which are numerous in posterior cartilage-free portion of the tracheal wall.

The tracheal cartilages and trachealis muscle are the layer between submucosa and
adventitia. Normal human usually has 16-20 C-shaped tracheal cartilages. This special structure
enables the flexibility of the air tube while providing mechanical support to maintain the
patency.

The adventitia, the outer layer, binds the trachea to adjacent structures in the neck and
mediastinum and contains the largest blood vessels and nerves that supply the tracheal wall, as

well as the larger lymphatics that drain the wall.
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Figure 1.1. Transverse section of trachea wall.



1.1.2 Tracheal obstruction and current treatment options

Airway obstruction treatment presents a significant clinical challenge and is often extremely
difficult when multiple morbidity causing factors co-exist. Airway obstruction could be caused

by different reasons, mainly airway stenosis and tracheabronchomalacia (TBM). [2]

Figure 1.2. Post-intubation benign tracheal stenosis in a 78-year old patient who was mechanically ventilated for 10

days due to chronic-obstructive lung disease. [3]



Figure 1.3. Patient with locally advanced nonsmall cell lung cancer and impending suffocation from bilateral main

stem obstruction. [4]

Tracheal stenosis or laryngotracheal stenosis is the typical form of airway obstruction. In
most cases, laryngotracheal stenosis is acquired, but for pediatric patients, tracheal stenosis can
also be congenital. The common laryngotracheal stenosis includes postintubation tracheal
stenosis (PITS) (as shown in Figure 1.2), post-tracheostomy tracheal stenosis (PTTS), post-TB
infection, and transplant-related and idiopathic stenosis. Trachea epithelium is highly sensitive to
lesions and may induce proliferation of the underlying cells to initiate wound healing. Airway
stenosis happens when the wound healing process fails to stop in time or scar formation occurs,
and thus the airway lumen is narrowed. Malignant tracheal stenosis usually happens in patients
with locally advanced cancer as shown in Figure 1.3. Patients with malignant airway obstruction

are frequently within hours or days of dying due to suffocation. Immediate airway management



is often required. In the case of lung cancer, the goal of airway obstruction management is to
restore and maintain airway patency. Most common treatments of tracheal stenosis include
surgical resection and reconstruction, laser based bronchoscopy, contact electrocautery, argon
plasma coagulation, cryotherapy, photodynamic therapy, brachytherapy, and airway stenting. [5]
Surgical resection and reconstruction is the most common approach. [6] In some cases, open
surgery is impossible due to the patient’s condition, anesthetic risk, or existing situation causing
simultaneous morbidity. It also should be noted that these surgical procedures might also lead to
restenosis due to trauma caused by the procedure itself. [6, 7] Other interventional bronchoscopic
treatments including laser, mechanical dilation and stenting, could only be effective in benign
laryngotracheal stenosis cases. For example, bronchoscopic laser and stenting approach only
yield 17.6% success rate in complex laryngotracheal stenosis. [8]

Tracheobronchomalacia (TBM) (Figure 1.4) are the most common cases of expiratory
central airway collapse. [9] The term malacia, in medical terminology, generally means the
softness of cartilage or bone. TBM usually refers to a weakness of tracheal wall with symptoms
varying from recurrent wheeze and recurrent lower airways infections to severe dyspnea and
respiratory insufficiency. [10, 11] In pediatric patients, TBM occurs in approximately 1 in 2100
births and often lead to life-threatening cardiopulmonary arrests. [10, 11] Current gold standard
treatment therapies of TBM include surgical resection and reconstruction, tracheal intubation
with prolonged mechanical ventilation, cardiovascular procedures to relieve compression from
abnormal anatomy, and intraluminal airway stents. [12, 13] However, all the current treatment
options are associated with high complications and failure rates because of the high risk surgical
procedures and formation of granulation tissue. [14] About 43% of the pediatric patients who

received tracheal intubation experienced serious complications involving tube occlusion or



accidental decannulation. [15] Prolonged mechanical ventilation after tracheal intubation is
associated with developmental delay and secondary airway stenosis that frequently requires
surgical intervention and correction [16]. Surgical correction of secondary lesions causing TBM
carries a complication rate of 36%. [17] Even though airway stents, including silicone tube and
metallic stent provide immediate relief and reduced morbidity and risk, none of the stents

provide satisfactory long-term effectiveness. [18, 19]

Figure 1.4. Image of trachea with tracheobronchomalacia (TBM) during inspiration (A) and expiration (B)[9].



1.2 TRACHEAL STENTS

1.2.1 Commercial tracheal stents

Current treatment of airway obstruction is still very challenging with various factors involved
that can impact the ultimate prognosis. In recent years, bronchoscopy based interventional
pulmonology has raised great interest by providing immediate relief and reduced morbidity and
risk. In the palliative setting of alleviating airway obstruction, laser resection, electro-cautery,
argon plasma coagulation and stenting are techniques that can typically provide effective clinical
outcome and improve patients’ quality of life [18]. Airway stenting is a valuable adjunct to the
other therapeutic bronchoscopic techniques as stenting provides mechanical support to maintain
the patency of airway lumen and therefore secures long-term effectiveness.

The medical term “stent” was introduced by Charles R. Stent, a British dentist who
developed a device to support the healing of gingival grafts. Since then, this term has been used
to refer to any device designed to maintain the integrity of a hollow tubular structure. One of the
earliest clinical application of tracheal stent is reported in 1965 by Montogomery, who designed
a T-shaped endotracheal silicone tube and suggested that the stent could be used following
reconstruction of the cervical trachea or tracheotomy. [20] The design was further optimized by
Duvall and Bauer and Coop ef al. and enable the stents to be delivered bronchoscopically. [21,
22] Metallic stents was firstly introduced in the late 1980s by Gianturco et al. and Rosch et al.
and was widely adopted since then. [23, 24]

Various types of tracheal stents are available for airway stenting ranging from silicone
tubes and metallic stents (bare or coated with polymer matrix) as well as hybrid silicone tubes
strengthened by metallic cores. Most of the commercially available tracheal stents fall into two

8



major categories: tube stents made of silicone, and expandable metallic stents. Silicone stents are

usually placed with the aid of a rigid bronchoscope while the patient is under general anesthesia.

Unlike silicone stents, metal stents can be placed with a flexible bronchoscope. The decision to

select a certain type of stent is made based on individual clinical symptoms.

Table 1.1. Advantages and disadvantages of silicone and expandable metallic stents.

Silicone Stents

Metallic Stents (SS 316L, Nitinol)

Advantages:
*  Removable
*  Adjustable

*  No ingrowth

Disadvantages:

»  Difficult placement

*  Dislodgment

*  Thick stents wall

*  Disturb mucus secretion
Comments:

*  Better long-term clinical

outcome, first choice

Advantages:
* Ease of delivery
*  Minimal migration
*  Epithelialization & mucociliar clearance
*  High internal/external diameter ratio
Disadvantages:
»  Difficult adjustment
» Difficult to remove
*  Granulation, tumor ingrowth
*  Tracheal perforation
Comments:
*  FDA Notification: Not to use unless it’s the

only option for benign airway disorder

Since the introduction of Montgomery T-tube in 1965, several other silicone tube designs

have been introduced for different clinical settings. For example, Dumon stent has external studs

outside the silicone tube which can significantly reduce the stent migration after implantation.



Since its introduction, the Dumon stent has quickly become the most widely used tracheal stents.
The major advantages and disadvantages of the silicone tubes are listed in Table 1.1. Most
silicone tubes are easily collapsible, therefore can be removed or adjust after implantation. In
addition, since the stent structure is a solid tube, so there is impermeable to tissue or tumor
ingrowth. In the meanwhile, silicone tube is relative harder to implant due to larger profile and is
more subject to migrate after implantation. The solid tube structure will also interfere with the
mucocilliary clearance. [25] In spite of these disadvantages, the silicone tubes are still the first
choice in most airway obstruction cases.

Metallic stent was first introduced for the treatment of cardiovascular diseases. The
success of this concept led to the expansion of the use of stent in airway obstruction. [26-30] The
first generation of metallic tracheal stent was made of 316L stainless steel (ss). [31-33] The 316L
ss stent does not exhibit intrinsic radial force and is delivered through a catheter system. The
diameter of the stent after expansion is determined by the expanded balloon which, in theory,
will eliminate hyperexpansion and stent perforation. However, the first-generation stent is
uncommon now due to the inflexibility and complications. The second-generation tracheal stent
is self-expandable tubular metal mesh made of nitinol. Nitinol, as known as nickel titanium, is an
alloy with close atomic percentage of nickel and titanium. The most unique properties of this
alloy are shape memory effect and superelasticity due to a reversible solid-state phase
transformation called martensitic transformation. Nitinol self-expandable stents could be
compressed and packed onto catheter with extremely small profile. Once the cover outside the
stents is released, the stent will expand to a preset diameter. Metallic stents have several
advantages over silicone tubes. The insertion and fixation of metallic stents is much easy to

handle due to their low profile. The mesh tubular structure significantly reduces the movement of
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the stent after implantation and is capable of epithelialization and mucociliar clearance.
However, the mesh tubular structure also allows the ingrowth of the tissue, hence the stent is
hard to adjust or remove after certain period of implantation and is not capable of preventing the
in-stent restenosis caused by granulation and tumor ingrowth. A summary of the advantages and
disadvantages of metallic tracheal stents is listed in Table 1.1.

In conclusion, even though all these stents exhibit efficient short-term palliation, none of
the stents provide satisfactory long-term effectiveness. Especially for metallic tracheal stents,
U.S. Food and Drug Administration (FDA) public health advisory recommends avoiding use of
metallic tracheal stents in patients with benign airway obstructions due to the long-term

complications caused by metallic stents.

1.2.2 Biodegradable tracheal stents

Due to the obvious deficiencies of currently available treatment options, there is a
significant clinical need for the generation and use of a biodegradable medical device which
maintains airway patency while totally degrade overtime a predetermined period. Most previous
preclinical and clinical study have been focusing on designing polymeric scaffolds as
extraluminal splint [34, 35] or intraluminal stents [36-52].

External tracheal stenting is placed through open neck surgery and the stent is sutured
outside the airway. In this way, the implant is not directly contact the epithelium of the trachea
and therefore won’t blocking the airway or causing foreign body reaction. It also allows
mucociliary clearance to proceed unimpeded. Weatherly et al. firstly reported an in vivo study of
polyglycolic acid and poly(D,L-lactide-co-glycolide) (85:15) based extraluminal tracheal stents
in rabbit model. [53] The results indicated that the polymer stents degraded in a predication
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fashion and might provide a new method to augment narrowed trachea. In recent years, several
groups have been focusing on fabricating external tracheal splint using 3D printing technology.
[35, 54-56] Green et al. 3D printed a tracheobronchial splint polycaprolactone (PCL). Three
customized splints were fabricated and implanted into three pediatric patients with TBM. The 3D
printed external tracheal splint alleviated the TBM symptoms without inhibiting the growth of
primary airway. [56]

Despite the early stage promising clinical results of the external tracheal splint, open
surgery is always required to place this device. The idea of placing a biodegradable stent through
minimal invasive method is much more appealing. A summary of previous animal study of
biodegradable stents is listed in Table 1.2. Rabbits model are the most common models for
tracheal stent study, this is in line with the review written by Verkerke ef al. on the choice on
animal models in tracheal research. [57] Most polymeric stents reported in these studies were
made of polyester based biodegradable materials, such as PLGA, PLLA and PCL. PCL based
tracheal stents demonstrated the longest degradation time of more than 33 weeks. [49] All these
studies reported excellent biocompatibility of the stent material.

Several studies of biodegradable stents in humans have also been reported. [38-40, 58]
Unlike the various selection of biodegradable materials in the reported animal studies,
polydioxanone is chosen in most of these human studies. Two human studies were reported in
2011, where polydioxanone stents were implanted both in adults [52] and children [38]. These
studies demonstrated the feasibility of the biodegradable tracheal stent for the treatment of
airway obstruction with immediate relief of the symptoms. However, repeat stenting happened to
more than of the patients in both studies. Vasakoval el al. reported another four cases of human

trial with polydioxanone stents later in 2015. [39] In three of total four adult patients, external
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fixation was conducted by a thoracic surgeon. A suture was passed through the stent, tracheal
wall, and skin in order to prevent the stent from migration. The polydioxanone stents lasted 90
days on average, and again half of the patients received repeated stenting. In one case, the
patients started to cough up small bit of the stents struts after 3 months of implantation. The
clinical outcome in pediatric patients is controversial. A more recent clinical study in infants
reported the potential life-threatening pitfalls of the polydioxanone stents. [59] Two out the three
cases indicated the remnants from the degraded stents presented as “foreign body” and cause

life-threatening dyspnea.
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Table 1.2. Summary of animal studies of biodegradable intraluminal stents. [60]

S‘tented Material Stent design Te‘chnlq.ue of ref.
animals (n) insertion
Mesh-type stent
. PCL coated with made of [50]
Rabbits (15) PLLA-PLGA interconnected ring- Surgery
ellipse-ring units
Tubular and .
. . +
Rabbits (25) PDS hollowed braided Endoscopy * fluoroscopic [51]
guidance
stent
Rabbits (15) PLLA-PCL Helical stent Surgery [47]
Mesh-type stent
. made of [49]
Rabbits (6) PCL interconnected ring- Surgery
ellipse-ring units
Knitted and 48]
Dogs (6) PLLA hollowed tubular Endoscopy
stent
Knitted and [46]
Rabbits (15) PLLA hollowed tubular Surgery
stent
. . [45]
Rabbits (25) PLGA Helical stent Surgery
Rabbits (11) PLLA Helical stent Surgery [44]
Rabbits (9) PLLA Helical stent Surgery [43]
Rats (35) Vicryl Homogeneous Surgery [42]

knitted stent
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1.3 MAGNESIUM ALLOY BASED BIODEGRADABLE METALLIC STENTS

1.3.1 Magnesium alloy as biodegradable metallic materials

Magnesium was firstly identified by British chemist Sir Humphrey Davy back in 1808
and isolated by French scientist Antoine-Alexander Bussy in 1828. In the early days of the
magnesium commercial production, the magnesium metal was produced by using potassium to
reduce MgCl, and was almost entirely in form of wire and powder for photographic usage.
Modern production process of magnesium followed today has changed significantly. Majority of
magnesium is now produced by electrolysis of fused anhydrous MgCl, and the rest are produced
by thermal reduction of MgO. Even though the earliest application of magnesium as a
biomaterial dates back to 1878 when physician Edward C. Huse tried to use Mg wires as
ligatures stop the vessels from bleeding [61], magnesium were mostly used as
industrial/structural materials in the past two hundred years. As the focus of biomaterials
research shifted from inert materials to bioactive and biodegradable materials, the hype of
magnesium alloys as a novel biodegradable metallic material started since early 2000s.
Magnesium alloy is unique as a biodegradable material because as metals, magnesium-based
alloys provide better mechanical support when compared to conventional polymer and ceramic
materials. On the other hand, due to the degradable nature, magnesium alloy-based implants will
dissolve overtime obviating secondary surgeries to retrieve them or being implanted permanently
in patients. Mg being the second most abundant intracellular cation and the fourth most abundant
cation in body, the alloy itself as well as its degradation products are well tolerated by human

body.
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The typical crystal structure of pure magnesium and most magnesium alloys is hexagonal
close packed (HCP). The inherent anisotropy of HCP structure determined the limited absolute
strength and ductility of pure magnesium and magnesium alloys compared to other metallic
biomaterials, such as stainless steel, nitinol and cobalt-chromium (CoCr) alloys. At body
temperature, magnesium predominantly undergoes plastic deformation via slipping of the crystal
planes. The lowest critical resolved shear stress (CRSS) for magnesium is the (0001)<1121>
basal slip system. [62] The pyramidal slip and the prism slip are much unlikely to be activated
due to tremendous higher CRSS. Therefore, magnesium only possesses three independent slip
systems. According to the Von Mises Criterion, at least five independent systems are required for
plastic deformation. This explains the low plastic deformability of magnesium and magnesium
alloy. The ductility of magnesium alloys could be improved by alloying with other element, heat
treatment and other advanced processing techniques.

Another attribute of magnesium alloy is that magnesium will corrode in aqueous
environment. Once implanted in vivo, magnesium alloys will react with water by a series of
electrochemical reactions as depicted in the reaction below:

Mg (s) <> Mg?(aq) + 2¢” (anodic reaction)

2H>0 (aq) + 2¢” «> H» (gas) + 20H" (aq) (cathodic reaction)

Mg?*(aq) + 20H"(aq) <> Mg(OH): (s) (product formation)

As shown in Figure 1.5, the reactions will be initiated immediately after magnesium alloy
contact the body fluid. Magnesium and other alloying elements are oxidized into metal cations,
while the electrons generated are transferred to H>O which leads to the formation of H» gas
bubbles on the metal surface. The whole reactions occur arbitrarily over the metal surface where

galvanic coupling forms. As the reactions continue, a degradation layer, mainly consist of
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Mg(OH),, forms on the metal surface and significantly reduce the degradation rate. However,
chloride ions are destructive to the Mg(OH). layer, and magnesium alloys will continue
degrading as chloride ions penetrate through the degradation layers, and the whole implant will
be eventually converted to degradation product and absorbed by the surrounding tissues. In the
meantime, hydroxyapatite (HA) will also deposit in the degradation layer by consuming calcium

and phosphate ions from the surrounding fluid.
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Figure 1.5. Schematic diagram of the magnesium alloy degradation process: (1) electrochemical chemical corrosion
happens at the initial surface of the magnesium/media interface; (2) OH-, Mg?" and H; created by the corrosion
process are released into the surrounding environment, and MgO and Mg(OH), degradation layer partially covers
the surface of the magnesium alloy, (4) Cl ions penetrate into the degradation layer, and transfer Mg(OH), into
MgCls, (5) the hydroxyapatite forms on the surface of the degradation layer by the consumption of Ca**and PO43,

(6) the disintegrated particle-shape residues falls out of the bulk substrate.[63]
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As for biocompatibility, Mg exhibits multiple essential physiological functions in the
human body. [64] Therefore, the release of Mg ions with the degradation of Mg alloy-based
implants has shown various bioactive effects on specific cell and tissues. [65-67] Particularly,
magnesium alloys have shown osteo-induction function in myriad studies for orthopedic
application. [68]

Due to these unique attributes, magnesium alloys will potentially provide a paradigm
shift in the current medical device market. Several applications have been explored in the field of
biodegradable magnesium alloy research such as orthopedic implants [69, 70], vascular stent

[71-75], and sutures [76, 77].

1.3.2 Magnesium alloy based biodegradable metallic stents

The research of biodegradable stents started with polymeric materials date back to 1980s
at Duke Medical Center. [78] The Igaki-Tamai (Igaki Medical Planning Company, Kyoto, Japan)
stent is the first biodegradable stent that received CE Mark approval for human use in peripheral
vascular applications in 2007. The Absorb GT1 Bioresorbable Vascular Scaffold (BVS) from
Abbott, which was approved by FDA to treat coronary disease in 2016, was another major
advance forward in biodegradable stent technology. However, even though the ABSORB III
Trial results of BVS showed performance statistically as good as the market-leading Xience
everolimus-eluting metallic stent, all the key parameters are poorer than Xience stents. [79]
Another 3-year follow-up study also indicated the clinical outcome of BVS were strongly
associated with vessel size and operator technique. [80] These results slowed down the adoption
of the BVS, and Abbott eventually stopped selling the first-generation bioresorbable Absorb
coronary stent in September 2017.
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The difficulty witnessed by the polymeric biodegradable stents opens the opportunities
for metallic biodegradable stents. Iron-based stent was the first metallic biodegradable stent
proposed, but the pilot animal study showed extremely slow degradation of pure iron in vivo. [81,
82] Several groups had reported the idea of alloying with other elements to improve the
degradation rate of iron, but none of these showed significantly higher degradation rate in vivo or
in vitro. [83-85] In recent years, Zn-based stents were proposed as another metallic
biodegradable stent. [86-89] Despite the promising preliminary in vivo data, a lot more work
needs to be done in order to address the issues with this new biodegradable metal system. For
example, designing a better Zinc basic alloy that can balance the degradation and mechanical
properties, more in-depth analysis of cytocompatibility and biocompatibility of these Zinc alloys,
long-term in vivo study of prototype Zinc alloy stents. Magnesium alloy is the only
biodegradable metal that has been extensively studied and demonstrated compelling clinical data.

Magmaris bioresorbable scaffold, which is the first magnesium vascular stent that
received CE mark in 2016, has shown promising clinical outcome in a series of clinical
trials.[73-75] That being said, there is still long way to go for Biotronik, the company behind
Magnaris stent, before the widely adoption of magmaris stents. A recent study had reported the
case where restenosis happened after significant degradation and collapse of magmaris stents.
[90]

A variety of magnesium-based alloy systems have been developed to meet the design
requirement of stent applications. The main principles in the core design of biodegradable
magnesium based alloys are: (1) achieve appropriate biodegradation rate in aqueous environment;
(2) good ductility to achieve high plastic deformation to endure the stent crimping and expansion

processes during stent deployment; (3) display adequate strength to maintain the mechanical
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support against the vascular wall during degradation of the device; and (4) exhibit no significant
short-term and long-term toxicity of the alloying elements as well as the related degradation
products.

Mg-Al [91-93] and Mg-Re [94-97] are the major magnesium alloy systems that have
been studied for stent application to date, and both alloy systems have showed good corrosion
resistance and biocompatibility. However, due to the hexagonal close packed (HCP) crystal
structure of magnesium, the ductility of these magnesium-based alloys is severely limited. Most
of the alloys reported exhibit an elongation around 10-30% at fracture posing difficulties in the
stent design and manufacture of magnesium stents. [98, 99] For currently used non-degradable
stents, the materials usually possess an excellent balance of strength and ductility. 316L stainless
steel, for example, exhibits an elongation of 55% at fracture. [100] Difficulties of fine
magnesium tube drawing and the fracture of magnesium stents after balloon expansion has been
reported in previous studies. [101-103]

In addition, magnesium stent is known for fast degradation in vivo. Even for Mg-Al and
Mg-Re alloy, the degradation is significantly accelerated when the alloy matrix is exposed to
flow [104, 105] or cyclic stress [106, 107]. Therefore, the development of magnesium alloy with
excellent corrosion resistance under flow environment and cyclic stress would be considered a
great benefit for the next generation magnesium stents.

To conclude, extensive studies have proved the feasibility and safety of using magnesium
alloy for stent application. The development of new magnesium alloys specifically for stent
applications is of paramount importance and studies are sorely needed to address the critical gaps
in the current material offerings. The new magnesium alloy systems developed in this thesis is

expected to: (1) provide strong mechanical support with much improved ductility; (2) offer
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resistance to corrosion under flow and cyclic stress; (3) ensure safety due to the judicious

selection of non-toxic elements.

1.4 SPECIFIC AIMS

Airway obstruction is relative rare but could be life-threatening condition. The current
gold standard for treating airway obstruction is open surgery including resection and
anastomosis, slide tracheoplasty, and tracheal grafting [12, 13]. However, these reconstructive
surgical procedures are usually associated with serious complications. Unavoidable anastomotic
tension, ischemia and lesions after open surgery lead to a recurrence of airway stenosis. In some
cases, open surgery is impossible due to the patient’s condition, anesthetic risk, or existing
situation causing simultaneous morbidity.

Bronchoscopy based interventional pulmonology has become popular due to the
immediate relief and reduced morbidity and risk. Airway stenting is a valuable adjunct to the
other therapeutic bronchoscopic techniques. Even though all these stents exhibit efficient short-
term palliation, none of the stents provide satisfactory long-term effectiveness. Silicone tubes
interfere with the mucocilliary clearance [25] while metallic stents provide better mechanical
support and mucocilliary clearance but unfortunately cause tissue ingrowth and granulation
formation [108]. Because of these severe complications, explantation of the stents is often
required, which may be difficult to perform and moreover, subjects the patient to additional
risks.

Magnesium stent has emerged as another biodegradable stent candidate in the past 10

years. Extensively studies have been reported to explore different magnesium alloys as novel
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biodegradable metallic material for stent application. However, there are two major issues with
current existing biodegradable magnesium systems. First, the ductility limitation of magnesium
alloy has been a key issue for biodegradable stents applications. Currently, no magnesium alloy-
based stents have demonstrated similar expansion capability to currently used permanent stents.
Second, the degradation rate of magnesium stent is too fast to meet the clinical needs. A more
robust alloy matrix that is corrosion resistant especially under flow and cyclic stress condition is
necessary for developing the next generation magnesium stents. The goal of the proposed work
thus is to develop a new magnesium alloy system which addresses the limited ductility and fast
degrading rate issues of current magnesium systems and to evaluate the feasibility of the
proposed magnesium alloy system in form of prototype tracheal stent in clinically relevant
animal models.

The central hypothesis of the proposed work is that Mg-Li-Zn-(Al) alloys with 5-10 wt.
% of Li will be suitable materials for biodegradable metallic stent application due to the superior
ductility, moderate strength, improved corrosion resistance and negligible cytotoxicity. To test

this central hypothesis, four specific aims are proposed here and discussed below.

1.4.1 Specific Aim 1. Synthesize novel Mg-Li-Zn-(Al) alloys and evaluate their structure,

microstructure, mechanical properties and in vitro corrosion behavior

Previous publications have demonstrated that adding more than 5.7% of Li will introduce
B phases (BCC structure) into magnesium alloys and significantly improve ductility. We
hypothesized that the novel Mg-Li-Zn-(Al) alloys we proposed in this work would exhibit
comparable ductility to current alloys of commercial permanent stent and appropriate
degradation rate in vitro. In this specific aim, six dual-phase Mg-Li-Zn-(Al) alloys were
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synthesized. All the alloys were melted, casted and extruded into 2 cm diameter rods. The
chemical composition and phase composition were verified by ICP-OES and XRD. Systematic
materials characterization for each alloy will be performed to evaluate the mechanical properties
and in vitro degradation rate. The results were used to understand the correlation between
microstructure/chemical composition and materials performance and single out the Mg-Li-Zn-

(Al) alloys that were most suitable for stents application.

1.4.2 Specific Aim 2. Identify the potential use of the selected Mg-Li-Zn-(Al) alloys as

biodegradable materials by conducting in vitro cytotoxicity tests

In vitro cytotoxicity of selected Mg-Li-Zn-(Al) alloys was further evaluated with respect
to the application of the material. We hypothesized that the novel Mg-Li-Zn-(Al) alloys would
demonstrate comparable cytotoxicity to pure magnesium and AZ31 alloy for tracheal stent
application. In this aim, human bronchial epithelial cells (BEAS-2B cells) was used to evaluate
the cytotoxicity of the selected Mg-Li-Zn-(Al) alloys for tracheal stent application. MTT assay,
live/dead imaging, DAPI&F-actin staining, cell apoptosis assay and cell cycle assay were

performed to evaluate the in vitro cytotoxicity of the selected Mg-Li-Zn-(Al) alloys.

1.4.3 Specific Aim 3. Evaluate the biocompatibility and in vivo degradation of the Mg-Li-

Zn-(Al) alloys in mouse subcutaneous model

Due to the difference between in vitro and in vivo test setting. All the six Mg-Li-Zn-(Al)
alloys were implanted in mouse subcutaneous model to evaluate the in vivo degradation and

biocompatibility. We hypothesized that the novel Mg-Li-Zn-(Al) alloys would demonstrate
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excellent in vivo biocompatibility and biosafety. In this aim, Mg-Li-Zn-(Al) alloys samples were
implanted in mouse subcutaneously. The in vivo degradation, hydrogen evolution and
tissue/organ response were calculated. Histology staining of implanted site and key organs of be

performed to evaluate the local toxicity and systematic toxicity.

1.4.4 Specific Aim 4. Fabricate of Mg-Li alloy stents and validate the feasibility of

prototype Mg-Li alloy tracheal stents in bioreactor and rabbit airway model

With the data obtained from previous aims, we selected the best alloy for stent fabrication
and testing. We hypothesized that the Mg-Li alloy tracheal stent would be more corrosion
resistant under flow environment and will safely degrade in the rabbit airway without inhibiting
further growth of the airway. In this aim, bench tests were performed to evaluate the in vitro
degradation of the stents. These stents were then implanted into rabbit trachea to evaluate the

feasibility of Mg-Li alloy stent for the treatment of airway obstruction.
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2.0 SPECIFIC AIM 1. SYNTHESIZE NOVEL MG-LI-ZN-(AL) ALLOYS AND
EVALUATE THEIR STRUCTURE, MICROSTRUCTURE, MECHANICAL

PROPERTIES AND IN VITRO CORROSION BEHAVIOR

2.1 INTRODUCTION

Mg-Li alloys were first developed by NASA as an ultra-light alloy for aerospace
applications in 1960s [109]. The microstructure of the Mg-Li alloys depends on the Li content.
With less than 5.7 wt. % of Li, the binary alloy is comprised of single phase a, exhibiting the
HCP structure; with more than 10.3 wt. % of Li, the Mg-Li alloy exhibits single-phase
belonging to the BCC structure. Both o phase and B phases co-exist when the Li content is
between 5.7% and 10.3%. Several studies have been conducted on single phase, o Mg-Li alloys
for biomedical application. For example, LAE442 alloy has been extensively studied as an
orthopedic implant [110-112]. Mg-Li-Ca alloys were also investigated for biomedical
applications [113, 114]. Compared to the a phase, Mg-Li alloy, the B phase Mg-Li alloy is more
attractive because of the unique BCC structure especially for biodegradable stents and other
applications requiring high ductility material. However, due to the inferior mechanical properties
of single B phase Mg-Li alloy, no study has been reported on the biomedical applications of
single phase  Mg-Li alloy. With a mixture of o and  phases, the multi-phase Mg-Li alloys

exhibit ultra-high ductility while also maintaining relatively high strength, and therefore, would
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be more amenable for load-bearing biomedical applications. Zhou et al. first reported the long-
term in vitro hydrogen evolution of multi-phase Mg-Li-Al-(Re) alloys, and demonstrated the
stable degradation of the LA92 alloy and higher corrosion of Mg-Li-Al-Re alloys. [115] A more
detailed study was later published demonstrating the superior mechanical property, stable
degradation and acceptable biocompatibility of Mg-Li-Al-(Re) alloys [116]. Zeng et al. also
investigated the corrosion mechanism of multi-phase Mg-Li-Ca alloy in Hank’s solution [117].
To the best of the authors’ knowledge, however, there is no study reported to date investigating
the mechanical properties, degradation and biocompatibility of multi-phase Mg-Li alloys
containing Zn and Al. In this context, Mg-Li-Zn-(Al) alloy has been proposed as an ultra-light
metal for industrial aerospace and automobile applications. The study has extensively focused on
mechanical properties and plastic deformation of Mg-Li-Zn alloys [118-121]. A recent
publication has studied the three single o phase Mg-Li-Zn alloy and three multi-phase Mg-Li-Zn
alloys for stent application, mechanical properties and in vitro degradation were discussed
demonstrating the potential of Mg-Li-Zn alloy for stent application. [122]

In specific aim 1, six multi-phase Mg-Li-Zn ternary alloys were accordingly designed
and evaluated. The alloying elements were selected based on the design principle mentioned
above. Besides alloying with Li, as one of the human essential elements, Zn is also chosen to
further improve the strength of the Mg-Li system via solid solution strengthening mechanism.
Furthermore, our previous first principles study executed also demonstrated that the addition of
Zn into the magnesium alloy will lead to enhancement of the ductility of these alloys [123]. Al is
added to further strength the alloy and improve the corrosion resistance. The goal of this study is
thus, to demonstrate the following: (1) the multi-phase Mg-Li alloy will likely exhibit superior

mechanical properties suitable for stent application when compared to the currently used
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common Mg alloy systems; (2) the co-existence of the a and  dual phases will not alter the in

vitro degradation rates significantly.

2.2 MATERIALS AND METHODS

2.2.1 Materials design and fabrication

Six multi-phase Mg-Li-Zn-(Al) alloys with different percentage of Li and Al elements
were proposed and synthesized in this study. Among the six alloys, three alloys, namely Mg-6Li-
1Zn (LZ61), Mg-6Li-1Al-1Zn (LAZ611) and Mg-6Li-3Al-1Zn (LAZ631) alloys, have higher
percentage of the o phase (HCP structure) and the rest three alloys, namely Mg-9Li-1Zn (LZ91),
Mg-9Li-1Al-1Zn (LAZ911) and Mg-9Li-3Al-1Zn (LAZ931) alloys, have higher percentage of
the B phase (BCC structure). All the alloys will be melted, casted and extruded into 2 cm

diameter rods with the assistance from Xi'an SiFang EM CO., LTD (Xi’an, China).

2.2.2 Chemical composition analysis

The actual chemical composition of the fabricated Mg-Li-Zn-(Al) alloys were then
verified by inductively coupled plasma optical emission spectroscopy (ICP-OES, iCAP duo 6500
Thermo Fisher, Waltham, MA). Two standard solutions with known different concentrations of
Mg, Li, Al, Zn, Mn, Fe, Cu, and Ni elements was prepared using certified single element
standard solutions suitable for ICP (Sigma-Aldrich, St. Louis, MO). Deionized water was used as

blank standard. Small pieces of the six alloys were cut from the extruded rod and dissolved in
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1% nitric acid. The solutions were then diluted to analyze the concentration of elements

mentioned above.

2.2.3 Metallic phase characterization

The formation and presence of the individual phases was identified by X-ray diffraction
using the X-ray diffractometer (Philips X Pert PRO diffractometer), employing Cu Ka (A =
1.54056 A) radiation with a Si detector (X’celerator). The X-ray generator was operated at 45 kV
employing 40 mA current in the 26 range from 10-90°. Mg-Li-Zn-(Al) alloy disks with 10 mm in
diameter and 2 mm in thickness were used for the analysis, and the results were analyzed using
X’Pert HighScore Plus version 3.5 software. The peaks identified in the XRD patterns were
compared with the standard XRD spectra in the Inorganic Crystal Structure Database (ICSD)
database to confirm the major phases and intermetallic compounds. 99.9% pure Mg as drawn
rod, and AZ31 extruded rod were purchased from Goodfellow (Coraopolis, PA) and used as

control.

2.2.4 Microstructure characterization

To observe the microstructure of the Mg-Li-Zn-(Al) alloys, round plate samples
(6=10mmx*2mm) were sliced by lathe from the center of the extruded rods. All the samples were
ground with SiC abrasive sandpapers up to 1200 grit and polished initially with monocrystalline
diamond suspension spray (1 pm, Buehler) and finally with Masterprep® Alumina Suspension

(0.05 pm, Buehler). Samples were etched using a solution of 5 ml acetic acid, 6 g picric acid, 10
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ml water and 100 ml ethanol (picral). Microstructures of the polished and etched samples were

then observed under a Nikon Optiphot microscope (Nikon, Tokyo, Japan).

2.2.5 Mechanical property characterization

Tensile testing was performed using the extruded Mg-Li-Zn-(Al) alloys employing
commercially obtained AZ31 plate (Alfa Aesar, Tewksbury, MA) as the control. Tensile bars
were machined along the axis direction of the extruded rods by CNS machine. The size of the
tensile bars was determined as per ASTM E8/E8M-11 standard with 12.7 mm gauge length and 3
mm X 3mm gauge area. For each sample, the stress-strain curve was generated by Instron 5969
testing system (Instron, Norwood, MA) equipped with an extensometer (Instron 2630 series,
Norwood, MA) measuring the elongation. Three typical stress-train curves obtained from each
group were used to calculate the yield strength (YS) and ultimate strength (UTS) and elongation
at fracture (EL) using the Bluehill® 3 Testing Software for Mechanical Testing Systems (Instron,

Norwood, MA).

2.2.6 Electrochemical analysis

Mg-Li-Zn-(Al) alloy samples in the shape of disks (10 mm in diameter and 2 mm in
thickness) were mounted in epoxy with only one side of the flat surface exposed. The edge of the
sample was then sealed using nail polish. The alloy surface was ground using SiC abrasive sand
papers up to 1200 grit. A three-electrode cell setup was employed for electrochemical corrosion
testing utilizing platinum wire as the auxiliary electrode, Ag/AgCl as the reference electrode and

the epoxy-mounted sample as the working electrode. Each sample was subsequently immersed in
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Hank's Balanced Salt Solution (HBSS) for at least 10 min to reach a stable open circuit potential.
Potentiodynamic polarization (PDP) plots were obtained in 37°C HBSS with an electrochemical
workstation (CHI 604A, CH Instruments, Inc., Austin, TX). All the samples were tested
employing a scan rate of 1 mV/s within a potential window of ~500 mV above and below the
open circuit potential. The corrosion potential, Ecor, the corrosion current density, icor, and

corrosion rate, CReorr, were then calculated following the method described in ASTM-G102-89.

2.2.7 Immersion corrosion measurement

Immersion test was conducted to evaluate the in vitro degradation of Mg-Li-Zn-(Al)
alloys based on ASTM standard G31-12a. Round plate samples (¢=10mmx2mm) were ground
with SiC abrasive sand papers up to 1200 grit. All the samples were then sonicated in ethanol,
weighed and sterilized under UV. Each sample was immersed in HBSS in a 50 mL conical
centrifuge tubes. The ratio of HBSS volume to sample surface area is 0.20 mL/mm?. All the
samples were kept in 37°C. After immersion for 1, 3, and 5 weeks, the samples were retrieved
from the buffer media, washed in DI water, ethanol and dried in air. The corrosion products were
removed by immersion in solution of 200 g chromium trioxide, 10 g silver nitrate and 1000 ml
water for 10 min. The samples were then washed in DI water, ethanol, dried in air and weighed.

The corrosion rate was calculated based on the mass loss utilizing the equation given below[97]:

Corrosion Rate (mm/year) = K (1)

x—
AXTXD

Where, the constant K is 3.65x10°, W is mass loss (g), A is the surface area of each sample

(cm?), T is the immersion time (day), and D is the density of each alloy (g/cm?). The sample
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surface after removing the corrosion product was observed by scanning electron microscopy

(SEM; JSM6610LV, JEOL).

2.2.8 Statistical analysis

The obtained results were expressed as the mean + standard deviation. One-way ANOVA
was conducted to determine the differences between different groups of samples with Bonferroni
Procedure as post hoc test. Statistical significance was defined as p < 0.05. Statistical analysis

was performed utilizing the IBM SPSS Statistics 23 package for Windows.

2.3  RESULTS

2.3.1 Chemical composition and microstructure of Mg-Li-Zn-(Al) alloy

Mg-Li-Zn-(Al) alloys were firstly verified by measuring the chemical composition and
observing the microstructure. Table 2.1 shows the ICP results of the actual chemical composition
of each Mg-Li-Zn-(Al) alloy. The elemental compositions of most elements are close to the
nominal composition, and the impurities level of each alloy was low, this is partially due to the
usage of high vacuum furnace. Less impurities will contribute to better mechanical properties
and corrosion resistance. The optical images (Figure 2.1) of the microstructure clearly show the
presence of a mixture of o (Lio.92Mgs.08) and B (LisMg7) phases with the lighter colored area
representing the a phase and the darker colored area representing the B phase. In Figure 2.1 (a-f),

both the cross-section and longitudinal sections of LZ61, LAZ611 and LAZ631 microstructure
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images show a higher percentage of the lighter colored area (o phase), whereas in Figure 2.1 (g-
1), the microstructure images of LZ91, LAZ911 and LAZ93 show a much higher percentage of
the darker colored area (B phase). The cross-section of all the six alloys showed a typical fibrous
extrusion texture and the grains were extremely elongated in the longitudinal direction. The X-
ray diffraction analysis result (Figure 2.2) further confirms the co-existence of both phases. The
peaks representing the B phase were significantly more intense in the LZ91 pattern than in the
LZ61 diffraction pattern indicating the presence of a higher percentage of the § phase. The X-ray
diffraction trace also exhibited the diffraction peak of the MgZn intermetallic in all alloys except

LAZ631 and LAZ931. Al12Mg17 phase was also identified in all Al containing alloys.

Table 2.1. Chemical composition of Mg-Li-Zn-(Al) alloy.

Chemical composition (wt. %)
Alloy

Li Al Zn Mg
Mg-6Li-1Zn 6.11+0.13 0.04£0.06 0.92+0.08 Bal.
Mg-6Li-1Al-1Zn 5.87+0.12 1.10£0.02 0.74+0.05 Bal.
Mg-6Li-3Al-1Zn 5.90+0.15 3.32+0.13 0.89:£0.05 Bal.
Mg-9Li-1Zn 9.00+£0.14 0.010.01 0.96+0.04 Bal.
Mg-9Li-1Al-1Zn 8.99:0.13 1.07+0.02 0.87£0.06 Bal.
Mg-9Li-3Al-1Zn 9.37+0.07 3.30+0.10 0.87£0.06 Bal.
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Figure 2.1. Microstructure of the Mg-Li-Zn-(Al) alloys. LZ61 alloy (a) cross-section, (b) longitudinal section,
LAZ611 alloy (c) cross-section, (d) longitudinal section, LAZ631 alloy (e) cross-section, (f) longitudinal section,
LZ91 alloy (g) cross-section, (h) longitudinal section, LAZ911 alloy (i) cross-section, (j) longitudinal section,

LAZ931 alloy (k) cross-section, (1) longitudinal section.
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Figure 2.2. XRD pattern of Mg-Li-Zn-(Al) alloys compare with pure Mg and AZ31 alloy.
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2.3.2 Mechanical properties of Mg-Li-Zn-(Al) alloy

It is well known that for balloon expandable stents, the routine stent delivery method
requires the system to exhibit and demonstrate the capability to undergo plastic deformation. At
the same time, higher strength is preferred for the system to maintain the mechanical support
against the vessel wall after stent delivery. To screen the candidate material, tensile test is
usually selected to evaluate both, the strength and the ductility of the selected material [116, 124,
125] . Figure 2.3 shows the mechanical properties of the Mg-Li-Zn-(Al) alloys compared with
commercial AZ31 alloy used as the control. The strength and elongation at fracture of the tested
groups were plotted in Figure 2.3(a) and Figure 2.3(b). Typical stress-strain curves obtained from
the tensile test are plotted in Figure 2.3(c). All the Mg-Li-Zn-(Al) alloys except LAZ631 showed
much higher strain before fracture when compared to the AZ31 control alloy which exhibited a
steep increase in the strength. Our results clearly demonstrate that, with the addition of Li, the
ductility of the Mg-Li-Zn-(Al) alloys is significantly improved (P < 0.05) as shown in Figure
2.3(b). The average elongation at fracture of all the Mg-Li-Zn-(Al) alloys are 2-3 times of the
elongation at fracture of AZ31 alloy (17+2%). However, increasing the Li content to 9 wt.%
only marginally increased the ductility of Mg-Li-Zn-(Al) alloys. Meanwhile, adding more Al
into the alloy system steadily increased the strength of the alloys at the sacrifice of ductility.
Moreover, it should be noted that the significant increase in ductility resulted in compromising
the strength of the Mg-Li-Zn-(Al) alloys likely due to Li being a softer metal. For example, the
yield strength (YS) of the LZ61 and LZ91 decreased to 119+11 MPa and 115+3 MPa,
respectively, while the AZ31 alloy displays a YS of 158+20 MPa. Similar trend is observed for
the ultimate tensile strength (UTS). The AZ31 alloy exhibits the highest UTS (260+7 MPa),

followed by LZ61 (179+£3 MPa), and LZ91 (146+8 MPa), respectively.
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Figure 2.4 shows the fracture surface of the tensile bars. All the Mg-Li-Zn-(Al) alloys
samples experienced a similar cup-and-cone facture during the tensile test. The AZ31 alloy
exhibited a mixture of both, ductile and brittle fracture. The major portion of the fracture surface
shows an irregular and fibrous appearance, accompanied with several sharp and smooth cleavage
planes which is indicative of a brittle fracture. The Mg-Li-Zn-(Al) alloys on the other hand, show
much more necking before facture. Hence, only ductile fracture pattern could be observed in the
central interior region of the fracture surface. At higher magnification as shown in Figure 2.4, the
fracture surface of Mg-Li-Zn-(Al) alloys is consisted of numerous spherical dimples. The
dimpled feature is a typical structure that results from uniaxial tensile failure, and each dimple

represents half of a micro-void that is formed which then separates during the fracture process.
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Figure 2.3. Mechanical properties of Mg-Li-Zn-(Al) alloys. (a) Tensile strength and (b) elongation at fracture of
Mg-Li-Zn-(Al) alloys. (c) Typical stress-strain curves. *denotes a significant difference between Mg-Li-Zn-(Al)

alloys and AZ31 alloy (p <0.05, n=3).
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Figure 2.4. Scanning electron fractography of the tensile bar fracture surface.
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2.3.3 In vitro degradation of Mg-Li-Zn alloy

Several techniques are commonly used to evaluate the degradation of magnesium alloys,
such as electrochemical analysis, hydrogen evolution, and immersion tests. In this study,
electrochemical and static immersion tests were conducted to study the degradation behavior of
the Mg-Li-Zn-(Al) alloys. Figure 2.5 shows the potentiodynamic polarization (PDP) curves
collected for the six Mg-Li-Zn-(Al) alloys as well as control groups: pure Mg and AZ31 alloy.
Ecor, icorr, and CReorr calculated based on the tafel plots are listed in Table 2.2. All the groups
showed dramatic increase in corrosion current 200-300 mV above the Ecor indicating the film
breakdown characteristic. The anodic processes of all the Mg-Li-Zn-(Al) alloys were altered
when compared to pure Mg and AZ31 alloy which implies that the corrosion was largely
controlled by the anodic reaction. The corrosion current representing the dissolution reaction of
the alloy is noticeably higher, which increased the overall corrosion current density.

Immersion test was further conducted to evaluate the long-term in vitro degradation of
Mg-Li-Zn-(Al) alloys in HBSS. The weight loss of samples at the end of each time point was
converted into the corrosion rate and plotted in Figuer 2.5(b). The slowest corrosion rate was
observed for the AZ31 group at all 1, 3 and 5 weeks’ time point. LAZ631 alloy exhibited the
highest corrosion rate throughout the 5-week long immersion test. Three other alloys, namely
LZ61, LAZ611 and LAZ911, on the other hand, showed a moderate corrosion resistance which
was close to the corrosion resistance of pure Mg. The statistical analysis result revealed that there
is no statistical difference between the 5-week corrosion rates of pure Mg, AZ31, LZ61, LAZ611
and LAZ911 groups, and LAZ631, LZ91 and LAZ931 groups corroded at significantly higher

rate (p < 0.05) than all the other groups.
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Table 2.2. Corrosion rates of pure Mg, AZ31, and Mg-Li-Zn-(Al) alloys determined by potentiodynamic

polarization.
Ecorr (V) icorr (LA/cm?) CRcorr (mm/year)
Pure Mg -1.46 £0.03 1.094 +0.373 0.025 + 0.008
AZ31 -1.52+£0.01 2.144 +£0.139 0.035 +0.002
LZz61 -1.54+0.03 1.725 + 0.888 0.042 +0.020
LAZ611 -1.51+£0.01 0.640 + 0.071 0.015 +0.001
LAZ631 -1.56 £ 0.01 65.627 +4.804 1.565+0.114
LZ91 -1.57+0.01 6.367 £0.511 0.158 £0.013
LAZ911 -1.54 £ 0.02 0.643 +£0.148 0.016 + 0.004
LAZ931 -1.53£0.01 12.296 + 4.794 0.300+0.117

Ecorr: corrosion potential; icon: corrosion current density; CReor: corrosion rate calculated based on icor

Except for LAZ611 group, the average corrosion rate determined following immersion
tests showed a similar trend among all the groups studied suggesting that the corrosion rates
expectedly increase over the period of immersion, and the 5-week corrosion rate was the highest
compared to the corrosion rate after 1 week and 3 weeks of immersion. The average corrosion
rate of LAZ611 was constantly decrease over the 5 weeks of immersion. The corrosion rate after
3 weeks of immersion was the slowest for pure Mg and AZ31 alloy while the slowest corrosion
rate for Mg-Li-Zn-(Al) alloys was observed after 1 week of immersion except for LAZ611, of
which the slowest corrosion rate was observed at week 5. Figure 2.6 shows the SEM image of
the sample surface without the corrosion product after 5 weeks of immersion. The sample
surface of LZ61, LAZ611, pure Mg and AZ31 showed only partially corroded region, but the
LAZ631, LZ91 and LAZ931 alloy surfaces showed much higher roughness indicating a higher
corrosion rate. Despite the low corrosion rate of LAZ911 alloy, the sample surface was more

homogeneously corroded. Localized corrosion was however, observed on the surface of all the
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samples studied reflective of the higher reactivity of both Li and Mg. Localized corrosion would
potentially lead to the fracture of the stents, and coating will be needed to protect the stents from

losing the mechanical integrity too fast.
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Figure 2.5. (a) Potentiodynamic polarization curves of LZ61, LZ91, pure Mg and AZ31 alloy in HBSS. (b) In vitro
degradation rate of Mg-Li alloys in Hank’s solution by immersion test. *denotes a significant difference between

LZ91 and other groups (p < 0.05, n=3).
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Figure 2.6. SEM of alloy sample surface after 5 weeks of immersion in HBSS.

24  DISCUSSION

In the present study, we have demonstrated the promising potential of Mg-Li-Zn-(Al)
alloys for possible application as biodegradable stents. By alloying with Li and Zn, we

successfully produced six Mg-Li-Zn-(Al) alloys. The co-existence of both a (Lio.92Mgas.08) and B
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(LisMg7) phases were verified by the optical micrographs of the corresponding dual phase
microstructure as well as the XRD patterns discussed earlier.

For stent application, ductility of the alloy is one of the critical determining factors for
evaluation of the alloy proficiency for use as stents. It is well-known that polycrystalline
magnesium alloy which exhibits the hexagonal close packed (HCP) structure, the room
temperature ductility is limited due to the lack of allowable slip systems. The dominant slip
mode for magnesium has the burger victor 1/3<1121> with the basal plane serving as the
primary slip plane [126]. However, by creating the alloys considered in the present study, the
tensile test successfully demonstrates that the ductility of magnesium alloy is significantly
improved by introducing the body centered cubic (BCC) phase into the Mg-Li alloy by
effectively alloying with Li. However, a decrease in the tensile strength is also overserved due to
the softer nature of Li. Lee ef al. reported that adding 1.2 wt. % of Li would increase the strength
of the Mg alloys because of solid solution strengthening. However, with more Li additions (> 4.2
wt.%), the strength and strain hardening rate decreased [127]. These results are clearly in line
with the current study. This phenomenon could be explained to be attributable to the following:
(1) In the a phase, the critical resolved shear stress (CRSS) is decreased with the presence of Li
which leads to the activation of the non-basal slip [128]. Lower critical resolved shear stress
enables plastic deformation of Mg-Li-Zn alloy to occur at lower applied force which thus results
in lower yield strengths (YS) and ultimate tensile strengths (UTS). The activation of the non-
basal slip however, further enhances the ductility of the Mg-Li-Zn alloy. (2) With the presence of
the BCC structure, the f phase of Mg-Li-Zn alloy provides more slip systems than the o phase,
which as mentioned above exhibits the HCP structure. The B phase is relative softer than the o

phase, which leads to decrease in the strength and improves ductility of Mg-Li-Zn-(Al) alloy. (3)

44



Alloying of Li also alters the lattice parameter of magnesium crystal. Hardie and Parkins studied
the lattice distortion of a series of binary magnesium alloy solutions and discovered that the
addition of Li decreases both a and ¢ lattice parameter spacing, particularly, the ¢ lattice
parameter spacing [129]. This lattice distortion caused by Li is believed to ease the cross gliding
of the non-basal slip contributing to enhanced ductility. Al, on the other hand, consistently
improve the strength of the Mg-Li-Zn-(Al) alloys. This is caused by solid-solution strengthening
of Al in Mg-Li alloy matrix, as well as precipitation hardening from Al;2Mg17 phase. It should be
mentioned that it is possible that control of the second phase precipitates and microstructure
control could lead to improvements in the strength without compromising the ductility. These
aspects were however, not considered in the present study as the primary aim was to demonstrate
the higher ductility by alloying with Li, Zn and Al.

The alloy system of Mg-Li-Zn-(Al) is expected to be more susceptible to corrosion since
Li is a very active and reactive element. Albeit, however, it is surprising to see that the LZ61,
LAZ611 and LAZ911 alloy exhibited no significant difference when compared to pure Mg and
AZ31 after 5 weeks of immersion in HBSS. The corrosion resistance of Mg alloys is known to
be mainly influenced by the presence of a protective oxide film on the alloy surface. It is also
observed in the immersion study that Mg-Li-Zn-(Al) alloys generated more fine hydrogen
bubbles right after the samples were immersed into HBSS. The bubbles then grow larger and
more stable as the sample surface loses its metallic sheen and lustre. The CReorr depicted in Table
2.2 represents the corrosion tendency of the fresh alloy surface, while the 5-week corrosion rate
calculated from the immersion test is the average corrosion rate determined over a long period of
immersion. The abstract value of the degradation rate calculated using different methods was

different, but the trends of the degradation was similar, LAZ631, LZ91 and LAZ931 exhibited
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higher CRcorr. The corrosion continues, the top of the sample would form an increasingly thick
corrosion layer of Mg(OH),, MgCO3 and Mg3(PO4)2 products that coat the implant surface.
[130] Song et al. reported that, for the dual phase Mg-Li alloys, the initial corrosion commenced
at the interface of the o phase and the  phase and then spread across the entire sample surface.
[131]

As the corrosion continued, the oxide film on the surface of the Mg-Li-Zn-(Al) alloys
became thicker, consequently, providing more corrosion protection. However, the thicker the
protective film, the brittle nature of the ceramic oxide would lead to a higher propensity of crack
formation. The integrity of the protective film is however, determined by two major factors: pH
value of the medium and the CI" ion concentration. Higher pH value will help stabilize the
protective film while higher a CI" concentration is detrimental to the integrity of the film. Due to
the large volume of the HBSS solution and its buffering capacity, the pH value of the medium
remained neutral over the duration of immersion. The CI" in HBSS penetrated the protective film
thus resulting in crack formation. Further subsequent corrosion of Mg-Li-Zn-(Al) alloys is
localized in the area wherein the alloy is unprotected. When compare the degradation rate of
LZ91 and LZ61, the LZ91 alloy corrodes the faster than the LZ61 alloy. Since there is a higher
percentage of the  phase with a higher amount of Li in LZ91, and the B phase is more active
than the a phase in aqueous environment, it is possible that the protective film on the surface of 3
phase is less stable and provides less corrosion protection which causes the difference in the
measured and observed corrosion resistance between the LZ61 alloy and LZ91 alloys. Also, with
more Al in the alloys, the degradation is increased. Indicating that Al;12Mg17 phase detrimental to
the corrosion resistance of the Mg-Li-Zn-(Al) alloys. Figure 2.7 also summarizes the degradation

rate in simulated physiological buffer and the elongation to fracture of current Mg-Li alloys that

46



has been reported for biomedical application. In comparison, it can be seen that LZ61 alloy
shows an excellent balance of corrosion rate and ductility. Even though, Mg-8.5Li-1Al as
reported in the literature and LAZ911 showed similar low corrosion rate and ductility, LZ61 it
should be noted is free of Al, an element that has been extensively reported to be related to cause

damage to the nervous systems. [132-134]
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Figure 2.7. Summary of elongation and corrosion rate of reported Mg-Li alloys [116, 117, 122, 135].
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3.0 SPECIFIC AIM 2. IDENTIFY THE POTENTIAL USE OF THE SELECTED MG-
LI-ZN-(AL) ALLOYS AS BIODEGRADABLE MATERIALS BY CONDUCTING IN

VITRO CYTOTOXICITY TESTS

3.1 INTRODUCTION

The characterization of chemical composition, mechanical properties and degradation
rate is only the first step of screening materials. As biomaterials, the biocompatiblity evaluation
of the Mg-Li-Zn-(Al) alloys and the degradation products of them is as equally important as
material characterization. In the age of bioinert materials, the evaluation of biocompatibility is
much straightforward since the interaction between the biological system and the material only
happens at the interphase. As for biodegradable materials, this evaluation is much more
challenging for two reasons. First, the interaction between the biological system and the material
has switched from 2D, the interface, to 3D, the space that the material itself possesses as well as
surrounding space where degradation products reach. Cells and tissues are consistently exposed
the new surface as the material degrades and are even guided to grow inside the material when
porosity is intentionally created. As the degradation products move in the body, more tissues and
cells are exposed to the material at different level. Second, the interaction is now time sensitive.
For traditional inert materials, such as stainless steel, the materials almost remain the same for

decades. However, for biodegradable materials, the chemical composition, the geometry, and the
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mechanical properties are changing over time. In certain cases, the materials are even
programmed to change in order to serve different functions at different stage.

The biosafety of the materials could be evaluated in vitro or in vivo. Due to the
complexity of the biological environment, the results from in vitro tests and in vivo tests are
often not in line with each other. But in most cases, materials are subject to in vitro test first
especially when there is large quantity of candidate materials.

In vitro biocompatibility evaluation of Mg alloy is challenging since current ISO and
ASTM standards are not applied to biodegradable metals due to the reasons we mentioned
above. Efforts have been made to standardize the in vitro cytotoxicity protocol for Mg alloys
[136], however no standard protocol has been established yet. In this aim, four tests were
designed to: (1) measure the specific aspects of cellular metabolism (MTT assay); (2) assess the
cell damage by imaging the cell morphology (live/dead imaging, DAPI&F-actin staining); (3)
evaluate cell damage (cell apoptosis assay) and finally (4) measure the cell growth (cell cycle
assay).

All these tests were conducted in an indirect fashion using the alloy extracts. The
rationale is that duplicating the in vivo direct contact between the cells/tissues and the
magnesium alloy is very complicated and costly. As we discussed in previous chapter, the
degradation of magnesium gives rise to the ions of magnesium and other alloying elements, as
well as pH value, H> gas. The goal of the aim was to gain a full understand of the potential
toxicity of the Mg-Li-Zn-(Al) alloys and their degradation products. Also, the individual

contribution of each element in the alloys was also evaluated.
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3.2 MATERIALS AND METHODS

3.2.1 BEAS-2B Cell culture

Human bronchial epithelial cells, BEAS-2B (ATCC® CRL-9609™), were purchased
from ATCC to evaluate the toxicity of the alloys. Before seeding cells, coating solution was
prepared with mixture of 0.01 mg/mL fibronectin, 0.03 mg/mL bovine collagen type I and 0.01
mg/mL bovine serum albumin (BSA) dissolved in cell culture medium, BEGM medium
(Lonza/Clonetics, Walkersville, MD). All T75 tissue culture flasks were coated with 4.5 ml
coating solution which covered the entire surface and incubated in a 37°C incubator overnight.
BEAS-2B cells were then seeded in the flask in culture in cell incubator with an environment of
95% relative humidity with 5% COz. Cells were subcultured before reaching confluence to avoid
squamous terminal differentiation. BEAS-2B cells beyond passage 4 and within passage 10 were

used in all experiments.

3.2.2 Magnesium extract preparation

Alloy samples were machined into round disks using lathe, high temperature caused by
heating during machining was minimalized using coolant. Samples were ground utilizing SiC
abrasive sand papers up to 1200 grit, sonicated in acetone and sterilized for 30 min by exposure
to UV radiation for each side. After sterilization, the sample disks were placed in 12-well plate
and immersed in cell culture medium for 72 hours in a standard cell culture incubator. The
specimen surface area to extraction medium ratio was maintained at 1.25 cm?/ml in accordance

with EN ISO standard 10993-12:2004. This extraction ratio was designated as 100% extract.
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Extracts were sterile filtered using a 0.2 pm syringe filter before being added to the cells. Low
concentration extracts were prepared by diluting the 100% extract into 75%, 50%, 25% and 10%

with cell culture medium.

3.2.3 Indirect MTT assay

Indirect MTT assay were conducted following the same procedure described in previous
publications from our group [97, 137]. BEAS-2B cells were seeded in 96-well plate at a cell
density of 8,000/well and incubated for 12 hours to allow all the cells fully attached to the 96-
well plate. Following this, 100 pl 75%, 50%, 25% and 10% extracts were added with normal
BEGM cell culture medium serving as the negative control while 10% DMSO cell culture
medium served as the positive control. The well plates were incubated for 1 day and 3 days
respectively.

The MTT solution was prepared by dissolving 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Invitrogen, Thermo Fisher Scientific) in phosphate buffer
solution (PBS) at the concentration of Smg/ml. Then the MTT solution were mixed with BEGM
at the ratio of 1:10. In the meantime. SDS solution was prepared by dissolving 1g SDS (Sodium
dodecyl sulfate, Sigma-Aldrich) in 10 ml of 0.01 M HCI. After 1 or 3 days of incubating, the
media in 96-well plated were removed and replaced with 100 pl diluted MTT solution and
incubated for 4 hours. Following that, 100 pl SDS solution was added, and the plates were
incubated for 16 hours and analyzed by Synergy 2 Multi-Mode Microplate Reader (Bio-Tek

Instruments, Winooski, VT).
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3.2.4 Live/dead staining

Live/dead staining was performed to investigate the cell viability. BEAS-2B Cells with a
cell density of 50,000 cell/well were seeded in a 24-well plate and incubated for 12 hours. The
media were then replaced with incubated in 25% extract and cultured for 1 day and 3 days.
LIVE/DEAD viability/cytotoxicity kit (Invitrogen Inc., Karlsruhe, Germany) was used to stain
the live and dead cells to glow green (ethidium homodimer-1) and red (calcein-AM),
respectively. Staining solution was prepared by diluting ethidium homodimer-1land calcein-AM
in Dulbecco's phosphate-buffered saline (DPBS) (Lonza, Walkersville, MD) at ratio of 1:1000.
After removing 25% extract, the cells were then incubated in the staining solution for 15-30
mins, depends on the strength of the signal. The live/dead images were captured using

fluorescence microscopy.

3.2.5 DAPI&F-actin staining

DAPI&F-actin staining was performed to image the cell morphology. BEAS-2B Cells
with a cell density of 50,000 cell/well were seeded in a 24-well plate and incubated for 12 hours.
The media were then replaced with incubated in 25% extract and cultured for 1 day and 3 days.
For DAPI&F-actin staining, DAPI (AppliChem, Darmstadt, Germany) served as the fluorescent
probe for DNA (blue), and rhodamine phalloidin served as the fluorescent probe to label the F-
actin (red). After 3 days culturing, the extract was removed, and the cells were fixed with 4%
paraformaldehyde for 10 min. and then washed with PBS. The fixed BEAS-2B cells were
permeabilized with 0.1% Tween 20 solution for 10 min. and washed in PBS 3 times. Cells were

stained with Rhodamine phalloidin/PBS solution (1:500) for 40 min first, washed in PBS and
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then stained in DAPI/PBS solution (1:2000) for 15 min. Cell morphology images were captured

using fluorescence microscopy.

3.2.6 Cell apoptosis assay

BEAS-2B Cells with a cell density of 100,000 cell/well were seeded into a 6-well plate
and incubated for 12 hours. The media were then replaced with incubated in 25% extract and
cultured for 1 day. FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, USA) was used
to detect the early apoptosis and late apoptosis. Cells were labelled following the instructions of

the Kit and then sorted through BD Accuri™ C6 Plus personal flow cytometer.

3.2.7 Cell cycle assay

BEAS-2B Cells with a cell density of 100,000 cell/well were seeded into a 6-well plate
and incubated for 12 hours. For the cell cycle study, the cells were culture in serum-free medium
for 24 hours for synchronization. The media were then replaced with incubated in 25% extract
and cultured for 1 day. Then the cells were preserved and permeabilized in 70% ethanol for at
least 24 hours. Cells were stained by Propidium lodide (PI) (P/RNase Staining Buffer, BD
Biosciences, USA) for 15 min following the instruction and then sorted by BD Accuri™ C6 Plus

personal flow cytometer based on DNA content.
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3.2.8 MTT test of Mg and Li ion

To test the effect of Mg?" and Li*, MgCl» and LiCl were dissolved in BEBM media
individually or together to form a series of media with different concentrations between 2.5mM
to 180mM were made. Two sets of MTT tests were performed. In the first set, the BEAS-2B
cells were cultured in BEBM media with only MgCl, or LiCl. In the second set, the BEAS-2B
cells were cultured in BEBM media with only MgCl and LiCl. The concentration ratio of MgClz

and LiCl was 1:1.

3.2.9 Statistical analysis

The obtained results were expressed as the mean + standard deviation. One-way ANOVA
was conducted to determine the differences between different groups of samples with Bonferroni
Procedure as post hoc test. Two-way ANOVA was performed for MTT test with Bonferroni
procedure as post hoc test. Statistical significance was defined as p < 0.05. Statistical analysis

was performed utilizing the IBM SPSS Statistics 23 package for Windows.

3.3 RESULTS

3.3.1 Cytotoxicity of Mg-Li-Zn-(Al) alloys

The ICP result (Figure 3.1) indicates a burst release of Mg and Li ions collected from

pure Mg and Mg alloys after incubation for 72 hours in the BEGM cell culture medium. The
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concentration of Zn was below the detection limits and hence, was not plotted. It can be seen that
the Mg ion concentration increases more than 600 times compared to normal BEBM cell culture
medium. There was no significant difference in Mg ion concentration among LZ61, LAZ611 and
LAZ911 alloy extract (p>0.05). But the Mg concentration in of all these three alloy groups are
significantly lower than Mg concentration in AZ31 alloy extract. Li ion concentration was also
significantly higher in LAZ911 alloy extract than LAZ611 alloy extract (p<0.05).

MTT results were plot in Figure 3.2. BEAS-2B cell viability was negatively correlated to
extract concentration with higher cell viability in lower extract concentration. The cell viability
in 75% extract after culturing for both 1 day and 3 days was less than 20% for Mg-Li-Zn-(Al)
alloys. At day 1, only groups with extract concentration below 10% showed close to or more
than 100% cell viability. At day 3, only the even 10% extract group showed more than 100% cell
viability. Two-way ANOVA was performed to analyze the statistical difference between the
different alloy groups. Magnesium alloy group and extract dilution ratio served as the two
independent variables and cell viability served as the dependent variables in the two-way
ANOVA analysis. Cell viability of each magnesium alloy group is discussed as an independent
variable in general regardless of the extract dilution ratio. At day 1, there is no significant
difference observed between the LZ61, LAZ611 and LAZ911 alloy groups (p>0.05). Both pure
Mg and AZ31 groups showed higher cell viability than Mg-Li-Zn-(Al) alloy groups (p<0.05). At
day 3, the gap between pure Mg/AZ31 and Mg-Li-Zn-(Al) alloy groups are way smaller.
However, the cell viability in pure Mg and AZ31 groups are still higher than the other and Mg-
Li-Zn-(Al) alloy groups. Only cell viability of LAZ611showed no significant difference to Pure

Mg group (p>0.05).
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Figure 3.1. Concentration of Mg and Li ion in BEBM media extract after 3 days of incubation.
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Figure 3.2. BEAS-2B cell viability after culturing in different concentration extract for (a) 1 day; (b) 3 days;

*denotes a significant difference between alloy groups (p <0.05, n=3).

57



Based on MTT results, 25% extract was the only group that showed the impact of
degradation products on different cells while still supporting limited cell proliferation. Therefore,
25% extract was used for live/dead staining and DAPI/F-actin staining to visualize the impact of
degradation product on cells. Despite the differences observed in the MTT assay discussed
above, the live/dead staining of BEAS-2B cell after culturing in 25% extract showed similar
results (Figure 3.3). Compared the cell intensity in day 1 and day 3, the higher cell density
indeed indicates a healthy BEAS-2B cell proliferation in the extract. Between groups, the
difference is unnoticeable in day 1, but a day 3 the Mg-Li-Zn-(Al) alloy groups seems to be
slightly lower cell. All the groups demonstrated comparable live cell density with very few
apoptotic cells observed under microscope.

Regardless of the lower cell density, all cells in the pure Mg and Mg alloy groups showed
same individual cell morphology as the BEAS-2B cells cultured in normal cell culture medium
(Figure 3.4). We also notice that cells congregated in control groups, where cells were cultured

in normal cell culture media.
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Figure 3.3. Live/dead staining of BEAS-2B cells after 3 days of culture in 25% extract or normal cell culture

medium (control), scale bar =300 um.
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Figure 3.4. DAPI&F-actin staining of BEAS-2B cells after 3 days of culture in 25% extract or normal cell culture

medium (control), scale bar = 50 um.

The effect of degradation products on cell apoptosis and cell cycle were further
investigated by culturing the cells in 25% extract for 24 hours. Results of the apoptosis assay
were plotted in Figure 3.5. Despite the relatively large error, late stenosis rate showed no
significantly difference among all groups (p>0.05). As for early apoptosis rate, only LAZ911
showed lower rate than AZ31 alloy group. (p<0.05) There is no statistically difference among all

other groups. (p>0.05). As depicted in Figure 3.6, the Mg-Li-Zn-(Al) alloy groups showed
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dramatic difference when compared to control, pure Mg and AZ31 alloy groups. Significantly
less BEAS-2B cells (p<0.05) were in GO/G1 phase for LZ61, LAZ611 and LAZ911 groups,
while more BEAS-2B cells (p<0.05) were in G2/M phases. The difference in S phase were not as

dramatic. Only LZ61 alloy group showed high percentage of cell than pure Mg and AZ31 alloy

groups (p<0.05).
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Figure 3.5. Early apoptosis and later apoptosis rate of BEAS-2B cells after culturing in 25% extract for 24 hours.

*denotes a significant difference between alloy groups (p < 0.05, n=3).
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Figure 3.6. Percentage of BEAS-2B cells in at different cell cycle phase after culturing in 25% extract for 24 hours.

*denotes a significant difference between alloy groups (p < 0.05, n=3).

3.3.2 Cytotoxicity of Mg?* and Li*

To further investigate if the impact of extract is caused by all the alloying element
together or by certain single alloying elements, a series of MTT tests were performed using
MgCl, and LiCl salts. Only Mg?" and Li* were considered because the ICP results in Figure 3.1
showed that other elements such as Zn and Al were extremely low in the extract.

As shown in Figure 3.7, when BEAS-2B cell were cultured in BEGM dissolved with
different concentration of MgCl,. The darker region in the figure represent the concentration

range of Mg?* in the 100% extract based on Figure 3.1. When the Mg?" concentration was lower
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than the dark region, the BEAS-2B cell viability between day 1 and day 3 was very close. Cell
viability rate was high reaching more than 100% when Mg?* concentration is lower than 40mM.
At the Mg?* concentration higher than the dark region, cell viability at day 3 was lower than day
1. The cell viability at day 3 decreased to almost 0% when the Mg?* concentration is higher than
80mM.

The BEAS-2B cell viability after culturing in different concentration of LiCl for 1 day
and 3 days were plotted in Figure 3.8. Similar to Figure 3.7 the darker region in the figure
represents the concentration range of Li" in the 100% extract based on Figure 3.1. Identical cell
viability trend was observed again. However, the cell viability decreased sharply with increase in
LiCl concentration especially for cell viability at day 3. Even at lower LiCl concentration, the

cell viability was not able to reach 100%.
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Figure 3.7. BEAS-2B cell viability after culturing in different concentration of MgCl, for 1 day and 3 days.
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Figure 3.8. BEAS-2B cell viability after culturing in different concentration of LiCl for 1 day and 3 days.

The concentration of Mg and Li ions in Figure 3.1 were weight percentage (ppm), when
converted the concentration to molarity, it’s surprising to notice that the concentration Mg and Li
ions were the very close when measured in molarity. Therefore, a mixture of 1:1 MgCl, and LiCl
solution (molarity concentration) was then prepared and used for cell viability test. The results
were plotted in Figure 3.9. The results of MgCl, and LiCl mixture were similar to LiCl alone
(Figure 3.8) rather than MgCl; alone. Cell viability decreased sharply as the increase of ion
concentration especially for day 3. The cell viability at the concentration of 100% extract or
higher was close to 0%. At lower concentration (between SmM and 60mM), the cell viability

was acceptable (>50%) at day 1, but the dropped dramatically at day 3.
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Figure 3.9. BEAS-2B cell viability after culturing in different concentration of MgCl, and LiCl solution for 1 day

and 3 days. The molarity concentration of MgCl, and LiCl are the same (1:1 ratio).

3.4  DISCUSSION

When tracheal stent was implanted the tracheal epithelial cells were the major cell type
that stent will interact with. BEAS-2B cells were selected because it was commonly used to
evaluate the cytotoxicity of inhaled nanoparticles. [ 138-142]

Previous study [143] showed that cells exhibited low viability when directly seeded on
Mg alloy surface. Therefore, in this study, all cytotoxicity tests were conducted in an indirect

manner using the extract protocol. We first prepared extract following EN ISO standard 10993-
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12:2004 and investigated the ion concentrations in the extract, since the ion concentration is
positively correlated to the pH value and osmolality [144]. The degradation of Mg alloy indeed
led to a burst release of metal ions. However, when the Mg alloy is implanted in vivo, the
surrounding physiological environment provides a barrier against the dramatic release of ions.
To better mimic the in vivo environment, the extract was further diluted into four different
concentrations in the MTT assay. The MTT test indicated a lower cell viability in Mg-Li-Zn-(Al)
alloy groups especially in day 1. Since the Live/Dead imaging result proved that BEAS-2B cells
were constantly proliferating. The lower cell viability is could either caused by higher cell death
rate or lower cell proliferation. To further investigate this, cell apoptosis and cell cycle assays
were performed.

In our study, the accumulation of degradation product in the extract have relatively
limited impact on cell apoptosis. When the result was compared to previously reported studies,
we believe that the effect of extracts on the cell cycle also depends on the cell types. Some
studies reported that Mg alloy extract caused an increase in the cell apoptosis rate when tested
with different cell types [143, 145-147].

As for the impact of degradation product in the extract on cell cycle, Zhanhui Wang ef al.
reported that more intestinal epithelial cells were locked in the G1/GO phase but less cells were
present in the S phase. [148] In the present study, more BEAS-2B cells were arrested in G2/M
phases different from the referenced study. However, the higher percentage of cells in the G2/M
phase did not impact the percentage of cells in S phase. Again, we proved that the response to
magnesium extract highly depends on the cell type. With these results, it seems that the low cell
viability in the MTT test might have been caused by the slower cell proliferation due to the cells

being locked in the G2/M phase.
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Despite these effects discussed above, the cell morphology of BEAS-2B remained normal
after culturing for 1 day or 3 days in 25% extract which indicates that the surviving cells might
still function well.

The MTT results of the MgCl, and LiCl help us better understand the impact of alloying
elements both individually and collectively. BEAS-2B cells exhibited tolerance of high Mg*"
concentration. The lower cell viability seems to be caused by Li ions. Wang et al. proved that
LiCl inhibits vascular smooth muscle cells proliferation and migration [149]. This result implies
that lower percentage of Li in Mg-Li-Zn-(Al) alloys could be beneficial to reduce the

cytotoxicity of airway epithelium cells.
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4.0 SPECIFIC AIM 3. EVALUATE THE BIOCOMPATIBILITY AND IN VIVO
DEGRADATION OF THE MG-LI-ZN-(AL) ALLOYS IN MOUSE SUBCUTANEOUS

MODEL

4.1 INTRODUCTION

Based on what we discussed in the previous chapter, it is indeed challenging to duplicate
the in vivo condition or environment to evaluate biocompatibility of biomaterials in vitro. Many
previous studies have shown the different results between in vitro and in vivo. [150] Therefore,
in vivo testing is unavoidable for any biomaterial/device to be approved for clinical application.
The ideal animal model for in vivo testing is based on the type of the device. For tracheal stents,
the best in vivo model is to fabricate the tracheal stents and implant it into airway. But, it would
be costly to evaluate all the six Mg-Li-Zn-(Al) alloys in that way and hence, a cost-efficient in
vivo evaluation model is needed in this situation.

Mouse subcutaneous has been used in many previous studies on Mg alloys [97, 137, 151]
and coatings[152-154]. This animal is easy to operate and much less expensive but is still
capable of revealing many different aspects of magnesium corrosion in vivo that in vitro tests
cannot offer.

The first advantage of mouse subcutaneous model is that it gives us a picture of how Mg-

Li-Zn-(Al) alloys degrade in vivo when they are implanted as a medical device. This degradation
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rate might be different from what we have calculated in specific aim 1. This difference has been
noticed in many previous studies discussed elaborated in previous publications. [150, 155] There
is obviously a need to develop a model to correlate the in vitro and in vivo degradation, so we
would be able to predict the in vivo degradation rate of magnesium alloys based on the results of
in vitro tests.

The second advantage of mouse subcutaneous model is that it offers us a way to measure
the impact of H» gas released during the Mg-Li-Zn-(Al) alloys degradation. The effect of H> gas
is commonly ignored when conducting in vitro cytotoxicity tests since the H> gas is hardly
accumulated in the cell culture media. The mouse subcutaneous model offers us the opportunity
to observe if the Hz gas will be accumulated around the implanted Mg-Li-Zn-(Al) alloys and
what’s the pathological impact of the gas pocket formed subcutaneously. [156]

Last but not the least, we will be able to exam the tissue response surrounding the Mg-Li-
Zn-(Al) alloys implant through histology and pathology analysis. The clearance pathway of
magnesium alloy implant is currently unknown. It is generally accepted that the degradation of
magnesium implant will follow the same human magnesium metabolism pathway which means
that magnesium ions will be converted into soluble species in plasma, and cleared by kidney.
[157] Thus the histological analysis of the key organ that might be impacted by the plasma
magnesium will enable us to study if the implantation of magnesium alloy and the degradation
product will lead to systematic toxicity.

In light of this, mouse subcutaneous model was considered in this specific aim to
evaluate the Mg-Li-Zn-(Al) alloys in vivo. The goal of this specific aim is to (1) study is the in

vivo degradation rate of the six Mg-Li-Zn-(Al) alloys, the release of H> gas and the formation of
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H> gas pocket; (2) study the local toxicity and systematic toxicity of the Mg-Li-Zn-(Al) alloy

implant.

4.2 MATERIALS AND METHODS

4.2.1 Sample preparation

Mg-Li-Zn-(Al) alloys, round plate samples (¢p=Smmx2mm) were sliced by lathe from the
center of the extruded rods. All the samples were ground with SiC abrasive sandpapers up to
1200 grit. All the alloy disks were then sonicated in acetone and air dried. Before implantation,
all the pellets were placed in 70% ethanol for 5 min, rinsed with Dulbecco's phosphate buffer
saline (DPBS, KCl 2.7 mM, KH2PO4 1.5 mM, NaCl 138 mM, Na;HPO4 anhydrous 8.1 mM, pH

7.0) and then irradiated under UV light allowing for 20 min exposure on each side of the discs.

4.2.2 Procedures for laboratory mice implantation

The implantation was performed at the University of Cincinnati in collaboration with Dr.
Zhonghyun Dong. Specific pathogen-free female athymic nude mice were purchased from
Harlan Laboratory (Indianapolis, IN) and used in the study when they were 8 to 10 weeks of age.
The mice were maintained in a facility approved by the American Association for Accreditation
of Laboratory Animal Care and in accordance with current regulations and standards of the U.S.

Department of Agriculture, U.S. Department of Health and Human Services, and NIH. The
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animal studies were approved by the Institutional Animal Care and Use Committee (IACUC)
and executed according to the specific [ACUC guidelines.

The alloy disks (6 sample/mouse type) were placed subcutaneously into the mice. For the
surgery procedure, all the mice were anesthetized with isoflurane, sterilized, and a small skin
incision was made to create a subcutaneous pocket on the back of the mouse. The Mg alloy disc
was then inserted into the pocket, and the incision was closed with surgical staples (Autoclip,
Clay Adama) which was subsequently removed following 2 weeks after the surgery. Mice were
housed under controlled conditions and maintained with a standard diet and water.

Gas bubble was measured twice a week using calipers and the specific bubble volume
(mm?®) was calculated according to the formula: (width?x length)/2, a formula that was routinely
used in measurement of subcutaneous tumor volumes in mice.[158] Regular X-ray images were
taken to confirm the position of the implants. The mice were accordingly weighed twice a week
and sacrificed approximately at 4 and 12 weeks, respectively. The implants were weighed before
and after implantation following which, the weight loss was calculated and converted to
corrosion rate employing the same equation used to determine corrosion in the immersion test.

The in vivo corrosion rates were then further compared with the in vitro corrosion rates.

4.2.3 H: measurement by amperometric Hz sensor

Amperometric H> measurements were performed using a H> microsensor (Hz- 50, 50 pm
tip diameter from Unisense, Aarhus, Denmark). The calibration and the appropriate conversion
from the H> microsensor current to the specific concentration used was similar to previous work
published by our collaborator Dr. William Heineman at the University of Cincinnati. [130, 159,
160]. For in vivo measurements, the anesthetized mice were immobilized on a heated swiveling
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table. The microsensor was the appropriately positioned with a micromanipulator [130, 160].
Measurements were then taken by touching the sensor tip on the skin above the gas cavity near
the implant area. The current obtained from the H> sensor was then converted to a regional Ha
concentration using a calibration curve generated from known levels of H> in water prepared by

diluting the H» saturated water.

4.2.4 Histology analysis

For histological evaluation, the skin tissue adjacent to the implants and major organs
were sampled, fixed in neutral buffered 4% formalin solution, embedded in paraffin, sectioned (4

um), and stained accordingly with hemotoxylin and eosin (H&E).

4.2.5 Statistical Analysis

The obtained results were expressed as the mean + standard deviation. One-way ANOVA
was conducted to determine the differences between different groups of samples with Bonferroni
Procedure as post hoc test. Statistical significance was defined as p < 0.05. Statistical analysis

was performed utilizing the IBM SPSS Statistics 23 package for Windows.
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43  RESULTS

4.3.1 In vivo degradation of Mg-Li-Zn alloy in mouse subcutaneous model

As shown in Figure 4.1, the implants were visible up to 12 weeks of implantation for all the
alloys indicating a promising low degradation rate for stent application. The weight loss of each
sample was measured before and after the implantation (with the remaining tissue on the surface
removed), and then converted in to in vivo corrosion rate (Figure 4.2). The order of average
corrosion rate at week 4 is LZ61 < AZ31 <LAZ631 <pure Mg < LAZ611 <LAZ931 <LAZ911
< LZ91. As we can see, after 4 weeks of implantation, LZ91 alloy showed the highest corrosion
rate of 0.70 mm/year. In vitro immersion test showed that LAZ631 alloy showed the highest
corrosion rate, whereas in vivo corrosion rate was relatively low. It is worth mentioning here that
LZ61 exhibited the lowest corrosion rate of 0.06 mm/year at week 4, demonstrating promising
stability following implantation. One-way ANOVA results showed that LZ91 alloy corroded
significantly faster than all the other alloys (P<0.05), while there is not significantly different

among the rest of the groups.
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Figure 4.1. X-ray images of the implanted Mg-Li-Zn-(Al) implants in mouse at different time of implantation.

After 12 weeks of immersion, the new order of average corrosion rate is AZ31 < LZ61<
pure Mg < LAZ631 < LAZ911 < LAZ611 < LZ91 < LAZ931. Even though the order changed
significantly when compared to the order at week 4, the top 4 lowest corroding alloys still
remained the same, namely AZ31, LZ61, pure Mg and LAZ631. AZ31 was the most corrosion
resistant alloy, but LZ61 alloy still exhibited corrosion rate similar to AZ31. For the other four
faster corroding alloys, the corrosion rate of LZ91 alloy decreased considerably compared to the
first 4 weeks leaving LAZ931 alloy the fastest corroding alloy. One-way ANOVA results
showed that LZ61 and LAZ631 alloy did not show non-significant degradation rate to pure Mg
and AZ31 (P>0.05). The other four alloys, LAZ611, LZ91, LAZ911 and LAZ931 all corroded
significantly faster than AZ31 (P<0.05). On the other hand, LZ91and LAZ931 corroded

significantly faster than LZ61 alloys (P<0.05).
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Figure 4.2. In vivo corrosion rate of Mg-Li-Zn-(Al) at 4 weeks and 12 weeks calculated based on weight loss.

*denotes a significant difference between alloy groups (p <0.05, n=3).
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Figure 4.3. The size of H, gas bubbles accumulated subcutaneously during the 12-week implantation in mice.

The formation of gas cavities is another concern of magnesium implant. [161] The main
source of gas formation in Mg alloys is the degradation process of the magnesium implant
depending on the metal composition and surface area. In the subcutaneous model, Heineman and
Witte have demonstrated that the gas cavities will slowly be absorbed by diffusing through the
skin as well as the capillaries and transported by the vascular system.[162] The sizes of the gas
cavities were measured to qualitatively correlate and assess the biodegradation rate of all of these
six Mg-Li-Zn-(Al) alloys in vivo. As seen in Figure 4.3, there was a burst release of H» gas for
LZ91 alloys in the first 4 weeks of implantation, and the gas cavity in mice bearing LZ91

increases during the first 4 weeks, reaching a maximum size of 685 + 507 mm?® (n=6) by 4 weeks
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after implantation. The volume of the gas cavity is much smaller after 4 weeks when the alloy
was stabilized. This result is in line with the corrosion rate calculated based on the weight loss.
The variation of the volume of the gas cavity was stable for the rest the alloy groups after the
initial increase during the first 2-3 weeks of implantation. LZ61 exhibited the smallest size of the
gas cavity in the first few weeks, indicating the slowest corrosion rate. The size of the gas cavity
for the AZ31 alloy was the smallest during the later stage of the implantation when compared to
all the Mg-Li-ZN-(Al) alloys and pure Mg which suggests that the biodegradation rate for AZ31
is the lowest among the groups studied herein. However, the size of gas cavity is not exactly in
line with the corrosion rate calculated based on weight loss. For example, LAZ911 and LAZ931
exhibited relatively small gas cavity size compared to the rest of Mg-Li-Zn-(Al) alloys even
though the corrosion rates of these two alloys were not the lowest among all the six Mg-Li-Zn-
(Al) alloys.

Earlier studies from our collaborator, Dr. William Heineman’s lab, showed that
measurements of H> release from the biodegrading Mg implanted subcutaneously in mice
obtained non-invasively by just pressing the tip of an amperometric H> sensor against the skin
covering the implant were similar to those made invasively by inserting the sensor tip inside the
cavity [130]. Subsequent research showed the effectiveness of the transdermal H, measurements
in studying Mg alloys with different corrosion rates [159, 160, 163, 164]. Herein therefore, we
used the transdermal measurement of H» from six biodegradable alloys implanted
subcutaneously in mice with the electrochemical H> sensor. The transdermal Ha sensing was first
explored using LZ91 alloy which corrodes fast enough to create enough H> gas to form visible
gas cavities. The H> microsensor tip was positioned directly on the gas cavity that surrounds the

implants to obtain each measurement. As shown in Figure 4.4, pure Mg, AZ31, LZ61 and
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LAZ631 were the four alloys showing lower H» readings. H> concentrations of 70 + 20 uM, 138
+ 44 puM, 80 + 18 uM, and 36 + 18 pM were obtained for LZ61, LAZ631, pure Mg and AZ31
under the same condition, respectively. Similarly, LAZ611, LZ91, LAZ911 and LAZ931 were
the four alloys showing higher H> readings. H> concentration is 368 + 45 uM for the LZ91 alloy
after 1-week implantation the highest reading among all the groups. Hz concentrations of 289 +
35 uM, 369 + 45 uM, 301 + 40 uM, 323 + 43 uM were obtained for LAZ611, LZ91, LAZ911
and LAZ931 alloy groups. Error bars are standard deviation for measurement made on three
mice (n=3). As expected, the higher corroding alloys produce more H>. The H> concentration at
the center of the gas cavity is in the order of LZ91 > LAZ931 > LAZ911 > LAZ611 > LAZ631 >
pure Mg > LZ61 > AZ31. One-way ANOVA results showed that H, concentrations of pure Mg,
AZ31,LZ61 and LAZ631 were significantly lower than the H> concentrations of LAZ611, LZ91,

LAZ911 and LAZ931 (P<0.05).
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Figure 4.4. H, concentration measured on anaesthetized nude mice with AZ31, pure Mg, and six Mg-Li-Zn-(Al)
alloy implanted subcutaneously 1 week after implantation; *denotes a significant difference between alloy groups (p

<0.05, n=3)).

4.3.2 H&E study of the biodegradation of these alloys

Histology analysis were further conducted to assess the local toxicity and systemic toxicity of the
metal itself, the degradation process, and the degradation products. The mice implanted with six
Mg-Li-Zn-(Al) alloys, pure Mg and AZ31 alloy were accordingly sacrificed at 12 weeks
following surgery. Eight organs (skin, lung, brain, heart, intestine, kidney, liver, and spleen)
were prepared into the specific pathological sections and were stained with hematoxylin and

eosin. The corresponding histological images obtained are shown in Figure 4.5.
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Figure 4.5 shows the histological images of the surrounding tissues of the magnesium
alloy implants. No significant macrophage infiltration was observed in the tissue surrounding the
implant site indicating no inflammatory response to the Mg-Li-Zn-(Al) alloys as well as pure Mg
and AZ31. Other major organs that are involved in the metabolic clearance of Mg?* also did not
exhibit any noticeable abnormality. The H&E staining image of the kidney tissue (Figure 4.6)
obtained in all the experimental groups show clear and healthy epithelial cell structure without
any signs of distortion or congestion as well as particle degeneration and necrosis. No infiltration
of inflammatory cells is also observed. Liver sections (Figure 4.7) clearly show healthy hepatic
lobule as well as uniform cytoplasm which are arranged in a normal pattern. Spleen sections
(Figure 4.8) also show clear red and white pulp without any capsule thickening and signs of
possible inflammatory response. Other organs, namely lung (Figure 4.9), heart (Figure 4.10),
brain (Figure 4.11), and intestine (Figure 4.12) were also studied with H&E staining. The stained
tissue samples clearly indicate no abnormality or any noticeable biocompatibility issues in all of
the above organs analyzed. The H&E stains shows that there is no apparent pathological

alteration in any of the tissue obtained from the experimental animals.
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Figure 4.5. H&E staining of the issue surrounding the Mg-Li-Zn-(Al) implants 12 weeks of implantation (scale bar

=0.25 mm).
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Figure 4.6. H&E staining of the kidney tissue of the mice implanted with the Mg-Li-Zn-(Al) alloy for 12 weeks

(scale bar = 0.25 mm).
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Figure 4.7. H&E staining of the liver tissue of the mice implanted with the Mg-Li-Zn-(Al) alloy for 12 weeks (scale

bar = 0.25 mm).
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Figure 4.8. H&E staining of the spleen tissue of the mice implanted with the Mg-Li-Zn-(Al) alloy for 12 weeks

(scale bar = 0.25 mm).
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Figure 4.9. H&E staining of the lung tissue of the mice implanted with the Mg-Li-Zn-(Al) alloy for 12 weeks (scale

bar = (0.25 mm).

85



Figure 4.10. H&E staining of the heart tissue of the mice implanted with the Mg-Li-Zn-(Al) alloy for 12 weeks

(scale bar = 0.25 mm).
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Figure 4.11. H&E staining of the brain tissue of the mice implanted with the Mg-Li-Zn-(Al) alloy for 12 weeks

(scale bar = 0.25 mm).
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Figure 4.12. H&E staining of the intestine tissue of the mice implanted with the Mg-Li-Zn-(Al) alloy for 12 weeks

(scale bar = 0.25 mm).
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44  DISCUSSION

Thus far, to the best of our knowledge, there is no in vivo study of magnesium alloy
based tracheal stent reported in the literature. Most of the previous research has been focusing on
magnesium alloy based vascular stents. The most clinically relevant animal model for studying
the biodegradation of magnesium in a vascular environment is the porcine animal model [165-
167]. Some study also reported using the rabbit abdominal aorta model [143]. Pierson et al. on
the other hand, proposed a simplified in vivo model by implanting magnesium alloy wire into the
rat abdominal aorta wall or lumen to mimic the conditions of stent implantation [168]. However,
these animal models are relatively complicated and less cost-efficient for early stage in vivo
evaluation. Therefore, to obtain an initial in vivo assessment, the in vivo degradation behavior
and biocompatibility of the Mg-Li-Zn-(Al) alloys was studied herein in a simple mouse
subcutaneous model.

In this specific aim, the in vivo corrosion rates of Mg-Li-Zn-(Al) alloys were measured
through three different methods: weight loss, H> gas cavity size and H> measurement by
amperometric H> sensor. It is expected that different measurement will exhibit different
corrosion rate of the Mg-Li-Zn-(Al) alloys, but we still see similar trends among these three
different measurement methods. In general, pure Mg, AZ31, LZ61 and LAZ631 were the four
alloys that degraded slower than the rest of the four alloys, LAZ611, LZ91, LAZ911 and
LAZ931. H> measurement by amperometric H> sensor also clearly showed the statistical
difference between these two groups (pure Mg, AZ31, LZ61 and LAZ631 vs. LAZ611, LZ91,
LAZ911 and LAZ931). This result was however, different from what was observed in the in
vitro immersion test in HBSS solution. The in vitro test indicated that pure Mg, AZ31, LZ61,

LAZ611 and LAZ911 were the alloys that exhibited non-significant difference in degradation
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rate after 5 weeks of immersion in HBSS and were also much slower than the rest of Mg-Li-Zn-
(Al) alloys, namely LAZ631, LZ91 and LAZ931. LAZ611, LAZ631 and LAZ911 are the three
alloys that showed dramatically different corrosion rates in vivo compared to in vitro tests. Thus,
either the alloys corroded faster in vitro (LZ611, LAZ631) or corroded faster in vivo (LAZ911).
At the current stage, there is no mathematical model that can be used to correlate the corrosion
rate in vivo and in vitro. [155] The degradation rate is largely dependent on the testing method,
time and external environments. In general, the corrosion rate is slower in vivo than in vitro
based on the published review. [155] This is the case for most of the Mg-Li-Zn-(Al) alloys
except for LAZ611 and LAZ911 alloys. Previous studies reported have also shown that the in
vivo and in vitro corrosion rates of Mg alloys tend to be conflicted with the results sometimes

being totally different or even opposite [150, 169]

Table 4.1. Summary of corrosion rates of pure Mg, AZ31, and Mg-Li-Zn-(Al)lalloys determined by immersion test,

electrochemical test and in vivo study.

In vitro (mm/year) In vivo (mm/year)

Immersion test (5 weeks) Electrochemical test 4 weeks 12 weeks
Pure Mg 0.117+0.035 0.025 + 0.008 0.173+0.030 0.094+0.027
AZ31 0.099+0.009 0.035 + 0.002 0.062+0.009 0.022+0.004
LZ61 0.142+0.025 0.042 + 0.020 0.057+0.058 0.078+0.036
LAZ611 0.143+0.020 0.015 + 0.001 0.187+0.088 0.199+0.053
LAZ631 0.936+0.122 1.565+0.114 0.064+0.031 0.114+0.039
LZ91 0.388+0.075 0.158 £ 0.013 0.7050.216 0.247%0.111
LAZ911 0.142+0.032 0.016 + 0.004 0.313+0.113 0.193+0.047
LAZ931 0.507+0.068 0.300+0.117 0.218+0.092 0.250+0.035
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Table 4.1 summaries all the corrosion rates obtained by different methods, LZ61 alloy
was the only alloy that demonstrated low corrosion rate both in vivo and in vitro. The consistent
corrosion rates of LZ61 obtained and observed in the present study conducted herein might
imply that the corrosion mechanism is less prone to be susceptible to the surrounding
environment, and the alloy probably goes through similar corrosion mechanisms under both in
vitro and in vivo conditions.

Our H&E analysis also showed that there were no substantial signs of necrosis,
expansion, inflammation, swelling, encapsulation, hemorrhage, or any perceived discoloration of
the key organs nor at the implant site. The histological analyses also indicate that addition of Li
element into these alloys and their varying corrosion rate did not introduce any semblance of
encapsulation, toxicity, necrosis, hemorrhage, discoloration or excessive inflammatory response
to the surrounding tissue. These results taken in total indicate that the Mg-Li-Zn-(Al) alloys all
showed good biocompatibility when assessed in the 8 animal organs harvested at the end of the 3
months. It can be safely inferred based on the results reported herein that the alloys implanted in
the animals at the early stage can be indeed considered to be biologically safe and the
experimental animals tolerated the degradation products generated by these alloys. Similarly,
previous study also demonstrated that no biocompatibility issue was caused by AZ31 after 2
months implantation under similar conditions [170].

The current assessment thus, elucidates the potential of the new ultra-high ductility Mg-
Li-Zn-(Al) alloys for possible tracheal stent application applications, especially for LZ61 alloy

which demonstrated the consistent low corrosion rate both in vitro and in vivo.
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5.0 SPECIFIC AIM 4. VALIDATE THE FEASIBILITY OF PROTOTYPE MG-LI

ALLOY STENTS IN RABBIT AIRWAY MODEL

5.1 INTRODUCTION

Based on the results from specific aim 1 to specific aim 3, Mg-Li-Zn-(Al) alloys
demonstrated the potential for the application of tracheal stent. Figure 5.1 showed how alloys
performed in each of the past specific aims. The in vitro characterization (specific aim 1) showed
LZ61, LAZ611 and LAZ911 were the overall best alloys due to low corrosion rate and
significantly higher ductility. The cytotoxicity tests in specific aim 2 indicating acceptable cell
viability for all the Mg-Li-Zn-(Al) alloy tested. However, the cell proliferation was inhibited due
to the G2/M phase arrest. The study of Mg and Li salts indicating that this effect was caused by
the Li". Thus, a lower Li percentage in the alloy will improve the cell viability. The result of the
in vivo tests in specific aim 3 indicates that pure Mg, AZ31, LZ61 and LAZ631 alloys corroded
slower and were biocompatible. LZ61 was the only alloy that performed among the best in all
the tests. Thus, LZ61 alloy was selected for the stent prototyping and evaluation.

The first step of this specific aim was to fabricate LZ61 tracheal stents. Since LZ61
tracheal stent was designed as a balloon expandable stents rather than self-expandable stents, the

manufacture steps of traditional 316L stainless steel stent was followed to fabricate LZ61 stents.
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The first step of stent manufacturing is mini-tube fabrication. The traditional way is tube
extrusion and drawing, many previous studies have shown this process of producing the mini-
tubes. [101-103, 171-174] However, due the limitation of available resource and equipment, we
decided to fabricate LZ61 mini-tube by wire electrical discharge machining (wire EDM). Wire
EDM is capable of producing the mini-tube is in the case of tracheal stent because the dimension
of the tracheal stent is larger than vascular stents, especially the thickness of the stent is much
thicker than coronary vascular stents. By wire EDM, the microstructure of the LZ61 alloy was
preserved, and therefore the LZ61 tube possessed similar mechanical properties and degradation
behavior as the LZ61 buck alloy. If the tube was manufactured through tube extrusion and
drawing, the microstructure of the alloy would be altered, and the properties of the alloy would

be different. [172]

In vitro

LAZ611
LAZ911

LZ61

Cytotoxicity Pure Mg In vivo
LAZ631

Figure 5.1. The rationale of selecting the LZ61 alloy for tracheal stent fabrication and evaluation.
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The second step in the stent fabrication is laser cutting. We followed the same procedure
as traditional manufacturing process used for 316L stainless steel stents. A 2D CAD file of the
stent pattern was generated. Following this 2D stent pattern, a high-powered beam of light was
fired at the tube surface which melts the material until a cut was made. The final step is
electrochemical polishing of stents to achieve a smooth mirror-like surface of the stents. The
electrolyte solution, current, voltage and duration of time is adjusted based on the stent materials.

After the LZ61 tracheal stents were ready, these stents were firstly evaluated in a
bioreactor system using AZ31 stents as the control. This step was key to ensure that LZ61 would
perform well before implantation. The failure of the stent implantation could be fatal due to
dyspnea. After in vitro evaluation, the LZ61 was implanted into healthy rabbit airway to evaluate

the feasibly of LZ61 tracheal stent. In this study, 316L stainless steel stent were used as control.

5.2 MATERIALS AND METHODS

5.2.1 LZ61 tracheal stent fabrication

LZ61 extruded rods were cut into mini-tubes with 4.2 mm in diameter, 0.3 mm in wall
thickness and 60 mm in length using wire EDM with the help from with the technique support
from Advanced Manufacturing Techniques, Inc (Clifton Park, NY). AZ31 extruded rod was
purchased from Goodfellow (Coraopolis, PA) and machined into same dimension tube as well.
Same dimension 316L stainless steel mini-tube is commercially available and was purchase from

Goodfellow (Coraopolis, PA).
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Stent geometry was designed based on the mechanical properties of LZ61 alloy with the
support from our collaborator, Dr. Ke Yang’s lab from the Institute of Metal Research, Chinese
Academy of Sciences (Shenyang, China) as shown in Figure 5.2. The stent design was saved in
form of a 2D geometry pattern as an CAD file. The mini-tubes were later laser cut into stents

based on this pattern with the technique support from Inotech Laser, Inc (San Jose, CA).

Figure 5.2. 2D pattern of tracheal stent design used in this study.

5.2.2 Electrochemical polishing

Electrochemical polishing of the stents was conducted using a self-designed setup. A DC
power supply (Genesys™ Programmable AC/DC Power 2400W, TDK-Lambda Americas,
Neptune, NJ) was used as power supply. A 250 ml glass beaker was used as the container of the
electrolyte. Platinum wire were connected to negative terminal of the DC power supply acting as

cathode. The LZ61 or AZ31 stents were hooked on pure Mg wire while 316L stainless steel (ss)
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stents were hooked on 316L ss wire. The Mg wire or 316L ss wire was then connected to the
positive terminal of the DC power supply acting as anode. Both anode and cathode were
immersed in electrolyte throughout the electrochemical polishing process. The composition of

the different electrolytes used for the different stent materials are listed in Table 5.1.

Table 5.1. The composition of electrolyte for electrochemical polishing of different tracheal stents.

Component Amount
Mg stent H3PO4 (85 wt. %) 37.5% viv
EtOH 62.5% v/v
316L ss stent H3PO4 (85 wt. %) 42 wt. %
Glycerol 47 wt. %
HZO 11 wt. %

Table 5.2. Parameters of the electrochemical polishing process for different tracheal stents.

Anodic current (A) Applied voltage (V) Time (min) Temperature (°C)
LZ61 stent 0.6 20-30 4 Dry ice cooling
AZ31 stent 0.6 20-30 5 Dry ice cooling
316L ss stent 1.2 25-30 3 Tap water cooling

The parameters of the electrochemical polishing process were listed in Table 5.2. The
current was fixed throughout the process; the total time of polishing process were optimized
experimentally. Due to the heat generated during the electrochemical chemical polishing process,
dry ice was used to cool down the electrolyte for LZ61 stent and AZ31 stent. Tap water was used
to cool down the electrolyte for 316L ss stent. After electrochemical polishing, the stents were
cleaned using distilled water in an ultrasonic agitation bath for 15 min, then rinsed in Acetone

and dried in air.
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5.2.3 Micro-computed tomography (u-CT) imaging

Micro-CT were primary used to analyze the volume of the stents to reflect the
degradation profile and degradation rate of the stent. Stents were placed in sample holder to
prevent movement and scanned with continuous rotation uCT at 10.5 pm voxel size. The files
were converted into digital imaging and communications in medicine (DICOM) format and
analyzed using mimics software (Materialise, Belgium). A threshold was set to isolate the
implant from the surrounding tissues and the region growth function were used to identify the
remaining structure of the stent which was then reconstructed into 3D images of the stents. The

volume of the stents was calculated based on the reconstructed 3D images.

5.2.4 Bioreactor setup

TA ElectroForce 3D CulturePro™ bioreactor setup (TA Instruments, New Castle, DE)
was used to mimic the dynamic environment in vivo. Silicone tubes (Nalgene™ Pharma-Grade
Platinum-Cured Silicone Tubing, Thermo Scientific) with 3/16 inches (4.76 mm) inner diameter,
1/16 inch (1.59 mm) wall thickness were used to mimic the tracheal tissue. Stents were mounted
on a Smm X 2cm balloon catheter (Mustang, Boston scientific), inserted into the silicon tube, and
expanded using an inflation device (Acclarent®, Irvine, CA) which continually pushed saline
into the balloon until reaching a pressure of 12 atm. The silicone tube with the stent inside was
then hooked into the bioreactor chamber. In total, 3 LZ61 stents and 3 AZ31 stents were used,
and each chamber only hosted one stent. Once the chamber was sealed with stent insides, HBSS
was pumped into the circulation system at the flow rate of 80 ml/min. All the stents were

scanned at 1 week, 3 weeks and 5 weeks using micro-CT. After 5 weeks of immersion, the
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remaining stents were dried in ethanol and scanned under SEM (SEM; JSM6610LV, JEOL) and

EDAX (EDAX Genesis, Mahwah, NJ).

5.2.5 Procedures for implantation

All animal experiments were approved by the University of Pittsburgh’s Institutional
Animal Case and Use Committee (IACUC). 12 weeks old female New Zealand white rabbits
(3.5-41bs) was purchased from Covance Research (Denver, PA). All the rabbits were acclimated
for 5 days before undergoing any invasive procedure and received a standard rabbit diet and
water ad libitum. Before the surgery, animals were anesthetized by IM (intramuscular) injection
of ketamine/xylazine, 35mg/kg and Smg/kg, respectively. The skin was prepared for surgery by
clipping the hair and scrubbing the skin with betadine solution. For airway stenting, a vertical
midline incision was made in the neck to expose the airway. The subglottis was entered via a
midline cricoidotomy extending through the first and second tracheal rings, analogous to a
laryngo-fissure procedure in a patient. The tracheal stent was mounted on the balloon of the
catheter (Mustang™, Boston Scientific). The catheter was then placed through the incision along
with the stent. When reached the target site, saline was injected into the balloon to expand the
stent until 12 atmospheric pressure was reached within the balloon for 30 seconds. To further fix
the stents from moving, the stents were fixed with 4/0 Vicryl (polyglactin 910) interrupted
sutures by suturing the stent to the tracheal wall. At the end of the procedure, skin and
subcutaneous layer together closed with 4/0 Vicryl (polyglactin 910) interrupted sutures allowing
air passage to prevent subcutaneous emphysema. Right after completion of the surgery, X-ray

images was captured for all the animals to confirm the success of the surgical procedure.
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Groups of 5 animals for LZ61 stents and 316L ss stents were used for each time point of
4, 8, and 12 weeks. Animals were sacrificed at the end of each time point by injecting with
euthanasia drug sodium pentobarbitol at the dosage of 50 mg/kg administered IC. Stented airway
section, lung, liver, and kidney were collected and fixed in 10% neutral buffered formalin for 3

days and then preserved in 70% ethanol.

5.2.6 Endoscope

A Parsons laryngoscope, Hopkins II 0° telescope (4 mm x 18 cm) and endoscopy tower
(1288 HH definition camera and X8000 light source with fiber optic light cable, Stryker) were
used to capture the stented airway of each rabbit right after the implantation and after 4 weeks, 8

weeks and 12 weeks of implantation depend on the end time point.

5.2.7 Optical coherence tomography (OCT)

The fixe stented airway was scanned by OCT (Ilumien™ system, St Jude Medical) to
examine the tracheal wall. The fixed trachea was immersion in PBS solution, and an image
catheter (Dragonfly™ Imaging Catheter, St Jude Medical) were inserted from the distal end of
the trachea all the way to the proximal end of the trachea. The catheter was then pulled back to

scan the inner wall of the stented trachea which were controlled by the program.
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5.2.8 Histology analysis

Fixed trachea and organs were dehydrated, infiltrated and embedded in paraffin. The
paraffin blocks with tissues inside were then sectioned with a rotary microtome (Leica RM 2255,
Leica Biosystems, Buffalo Grove, IL). These tissue sections were transferred to histology slides
for histological staining. H&E staining was performed to examine the tissue morphology of the
trachea and organs. Alcian blue staining was performed to examine the mucus and goblet cells

within the mucosa.

5.2.9 Statistical analysis

The obtained results were expressed as the mean + standard deviation. One-way ANOVA
was conducted to determine the differences between different groups of samples with Bonferroni
Procedure as post hoc test. Statistical significance was defined as p < 0.05. Statistical analysis

was performed utilizing the IBM SPSS Statistics 23 package for Windows.

5.3 RESULTS

5.3.1 Stent fabrication

Balloon expandable prototype stents for a pilot in vitro and in vivo study following
traditional fabrication method and electrochemically polished the stents to reach a smooth

mirror-like surface before testing. As shown in Figure 5.3 and Figure 5.4, both wire-EDM
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machining and laser cutting left a rough surface on the stent with the laser cut surface slightly
more fined. Electrochemical polishing effectively improved the surface finishing by removing
the sharp tips on the surface. As show in Figure 5.3-5.5, more Rounded edges and smoother
surface can be observed on LZ61 stent (Figure 5.3c-d), AZ31 stent (Figure 5.4c-d) and 316L ss
stent (Figure 5.5c-d). It should be noted that, due to the simple setup, the electrochemical
polishing is not very homogeneous. Part of the stents that was contacting the pure magnesium
wire became slightly thinner than the rest part of the stents. A better setup could be designed by

offering a more even contact to achieve homogeneous polishing of the stent.

-
Laser cut surface

Laser cut surface

/ Wire-EDM su

Laser cut surface

Wire-EDM surface

550 %100 00pm  —

Figure 5.3. Surface morphology of LZ61 stents before (a) 100X (b) 1000X and after (c) 100X (d) 1000X

electrochemical polishing.
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Figure 5.4. Surface morphology of AZ31 stents before (a) 100X (b) 1000X and after (c) 100X (d) 1000X

electrochemical polishing.

Laser cut surface

Figure 5.5. Surface morphology of 316L ss stents before (a) 100X (b) 1000X and after (c¢) 100X (d) 1000X

electrochemical polishing.
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5.3.2 In vitro degradation of LZ61 stents in a bioreactor system

The results in specific aim 1 have demonstrated that LZ61 degraded at a non-significantly
different degradation rate compared to AZ31 alloy under static environments. In this specific aim,
however, we aimed to test and analyze how the LZ61 stent would degrade compared to AZ31
stent in a bioreactor environment. As shown in Figure 5.6, the u-CT scan of both LZ61 stent and
AZ31 stent at different time point were reconstructed into 3D images. These images clearly show
that the LZ61 stents degraded significantly slower than our control group, AZ31 stents, under the
dynamic flow environment. Most of the stent structure was maintained up to five weeks of
immersion in dynamic flow environment, whereas AZ31 stents almost dissolved completely in
the same time period. In addition, the volume of remaining stents was calculated and plotted in
Figure 5.7. The results indicate that 47.6% of the LZ61 stents degraded while only 7.8% of the

total volume was left for AZ31 stents with 92.2% dissolving.
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Figure 5.6. The 3D structure of AZ31 stents and LZ61 stents based on micro-CT scan at different time points

indicating the remaining stents after immersion in dynamic flow environment.
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Figure 5.7. The remaining volume of the stents calculated based on the 3D structure of AZ31 stents and LZ61 stents.

(n=3).

The localized corrosion was observed during the degradation of the stent AZ31 stent, as
shown in Figure 5.6. The AZ31 stent is fractured into two parts after 1 week of immersion and
became even more fragmented afterward. This degradation pattern is detrimental to the
durability of tracheal stent since localized corrosion would quickly lead to disassembly of the
stent. AZ31 stent therefore will not be able to provide enough mechanical support against the
tracheal wall if the structure had disassembled. LZ61 stent on the other hand, was quite robust
throughout the study, and no obvious localized corrosion was observed in the first few weeks. At
the end of week 5, we did observed part of the stent strut totally degraded, mostly at the locations

where more metal was removed during the electrochemical polishing process.
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Our results therefore demonstrate that LA61 alloy was much more resistant to the
increased corrosion caused by the flow-induced shear stress. This result is indeed very
encouraging since stents are exposed to dynamic environment where the mucus is consistently
moving to clean the airway. In fact, the speed of mucus movement is much slower than the flow
rate used in this study, and the part of the magnesium stent would be exposed at the air-liquid
interface, so the degradation might be slower than what was shown in the aqueous bioreactor
environment. One of the missing factors in the system is that we did not apply cyclic mechanic
force mimicking the stress caused by the respiratory cycle. The cyclic stress might impact and
increase the degradation of LZ61 stent as well.

After 5 weeks of immersion, the stent surface was covered with degradation layer and
precipitate from the Hank's Balanced Salt Solution (Figure 5.8(a, b)), especially at the locations
where massive degradation occurred. To examine the composition of the degradation product,
EDAX mapping was performed at the spots marked with + sign in Figure 5.8(a, b). The results
were plotted in Figure 5.8(c), indicating that there was significantly more Ca and P deposited on
the surface of the LZ61 stents than the AZ31 stent. For AZ31 stent, the major composition of the
degradation layer is MgO and Mg(OH).. More Ca and P tends to deposit on the surface of the
slower degrading magnesium alloy. Conceivably therefore, the presence of a stable Ca and P
degradation layer would provide better corrosion protection to the alloy matrix and therefore,

improve the corrosion resistance. [175, 176]
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Figure 5.8. The surface condition of (a) LZ61 stent and (b) AZ31 stent after 5 weeks of immersion in dynamic flow

environment under SEM. (b) The O, Mg, Ca and P composition on the surface of stents after 5 weeks of immersion

using EDAS. *denotes a significant difference between alloy groups (p <0.05, n=3).
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5.3.3 In vivo implantation of LZ61 stent in health rabbit airway model

To understand how LZ61 tracheal stent will perform in vivo, same LZ61 stents were
implanted into normal trachea of New Zealand rabbits. A rabbit model was chosen based on the
previous review of animals models for tracheal research.[57] In the meantime, 316L stainless
steel, a typical metallic material for commercial non-degradable balloon expandable stents[13,
177-179], were selected to serve as control in this animal study. The procedure of the surgery
was shown in Figure 5.9, tracheal stent was mounted on the balloon and was then inserted into
rabbit trachea. After reaching the first airway cartilage ring, the balloon was injected with saline
and expanded the tracheal stent against the tracheal wall. After expansion, the balloon was
deflated and pulled out of the trachea leaving the stent inside the tracheal lumen. The position of
the stent was verified by X-ray images, as shown in Figure 5.10. The density of LZ61 is much
smaller than bone, thus the LZ61 was hard to identify under the X-ray. In Figure 5.10(b), the
dark shadow of the LZ61 stent was still visible while 316L ss stent was bright in the X-ray
images as show in Figure 5.10(a).

The endoscopic images of the stented tracheal with LZ61 stents or 316L ss stent at
different time point were shown in Figure 5.11. The stents looked similar right after implantation
for both groups. The strut of the stent was exposed in the airway and partially covered by the
blood which as caused by the incision. At week 4, the airway was clean for both groups, no
blood was seen in the tracheal lumen. Stents in both groups were partially encapsulated in the
tissue as show in Figure 5.11, shining metal surface could still be seen in the endoscope images.
After 8 weeks of immersion, a fully healed healthy tracheal lumen could be seen in LZ61 stent
group. LZ61 stent was invisible in all the rabbits. At the current stage, it is unclear if the stent has

fully degraded or is encapsulated by the tracheal tissue. On the contrary, a whitish stenosis tissue
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begins to build up on top of the 316L ss stent. At week 12, the LZ61 stent group showed a clean
and larger size trachea due to the growth of the rabbit. There was no stenosis tissue building up
during the 12 weeks of implantation and the trachea lumen looks very healthy. However, for
316L ss stent group, a thick whitish stenosis tissue formed along the tracheal wall and the trachea
lumen was significantly narrowed due to the steady growth of the stenosis tissue on 316L ss stent.
No rabbit in 316L ss steel group exhibited dyspnea throughout the study until the end of the
study. The endoscope image of a normal rabbit trachea is also shown in Figure 5.11 for

comparison.

m

Figure 5.9. The surgical procedure of the stent placement. (a) Tracheal stent was mounted on the balloon. (b) The
balloon was injected with saline and expanded the tracheal stent against the tracheal wall. (¢) The balloon was

deflated and pulled out of the trachea leaving the stent inside the tracheal lumen.
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Figure 5.10. X-ray image of the implantation site of the (a) 316L ss stent and (b) LZ61 alloys after the tracheal stent

implantation. The positions of the stents are circled in the images. LZ61 stent is hard to identify here under x-ray

due to the lower density, only a dark shadow is visible here.
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Figure 5.11. Endoscopic images of the stented airway right after implantation, and after 4 weeks, 8 weeks and 12

weeks.
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Figure 5.12. OCT images of the transverse section and longitudinal section of the stents airway after 4 weeks, 8

weeks and 12 weeks of implantation.

Optical coherence tomography (OCT) is a powerful tool to observe the intralumenal
surface of the stented tracheal. The scanning results were show in Figure 5.12. For each image,
the top part shows the transverse section of the trachea, and the bottom part of the images
showed the longitudinal section of the stented trachea. At week 4, both groups showed the
presence of stents. Since the density of the stent is much higher than the soft tissue, the stent strut
was much brighter than the soft tissue and the metal stents posed a shadow along the radial
direction. For LZ61, the tissue around the stents was porous indicating the formation of H> gas
pockets as shown in Figure 5.12. The effect of these gas pocket on airway tissue is unknown.

The results after 8 weeks and 12 weeks were however, similar. For LZ61 stent group, no
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remaining stents were observed. The stent fully degraded, and the airway lumen fully restored to

normal smooth surface after 8 weeks post the stent implantation. For 316L ss stent group, it

should be noted that at week 8 and week 12, the stenosis tissue was continually building up on

top of the 316L ss stents which further narrowed the airway. This observation is in line with what

was observed in the endoscope images (Figure 5.11).
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Figure 5.13. Tracheal lumen area calculated based on the cross-section of OCT images at 4 weeks, 8 weeks and 12

weeks. **denotes a significant difference between alloy groups (p <0.01, n=3).

It is critical to understand how the implantation of the stents impact the tracheal lumen

size, since this is the key indicator deciding if the patient will be able to breathe normally after

receiving the tracheal stent implantation. Therefore, we calculated the tracheal lumen size with
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the stents implanted insides based on OCT images using ImageJ software and plotted it Figure
5.13. The results demonstrated that, with the implantation and degradation of LZ61 stents, the
lumen size of the tracheal increased steadily leaving no impact on the further growth of the rabbit
airway as the rabbit grew bigger. This is very promising sign for the potential application
especially among pediatric patients. On the contrary, the airway lumen size decreased while the
whole airway was growing for the 316L ss steel group, the airway lumen size of the control
group was also significantly smaller than the airway lumen size of LZ61 stent group at week 8
and week 12, respectively.

The 3D structure of the remaining stents was reconstructed based on the u-CT scan. 316L
ss stents were stable throughout the 12 weeks’ implantation due to its inert nature. For LZ61
stent group, ~30% of the initial volume degraded after 4 weeks of implantation on average. The
major structure was still maintained at week 4, which was same as what was observed in the
bioreactor study. No localized corrosion was observed that could disassemble the stent.
However, no stent was observed at week 8 and week 12 which means that the stent fully
degraded after week 8. This observation echoes what we have seen in the endoscopic imaging
and OCT imaging results. It is encouraging to see that the LZ61 was able to fully degrade
without impacting further growth of the airway, however, we do notice that there was a steep
increase in the degradation after the initial stage (~ 4 weeks) considering almost half of the LZ61

stents remained after 5 weeks under the flow environment in vitro.
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Figure 5.14. The 3D structure of 316L ss stents and LZ61 stents based on micro-CT scan at different time point

indicating the remaining stents after implantation in vivo.
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5.3.4 Histology analysis

Figure 5.15 showed the H&E staining of the LZ61 stent stented trachea at different time
points. At week 4, the cross-section of the trachea (Figure 5.15(a)) showed that half of the stent
was encapsulated in the tracheal submucosa. Higher magnification images of the trachea (Figure
5.15(d)) showed that a thin layer of epithelium had covered the LZ61 stent after 4 weeks of
implantation. The dark hematoxylin staining surrounding the LZ61 stent strut showed a higher
density of the cells indicating potential inflammatory response at the early stage of the
implantation. This result demonstrated LZ61 alloy was well tolerated by airway tissues. The
shape of the trachea lumen was close to circle rather than the normal elliptic shape due the
expansion of the stent indicating that the LZ61 stent was still providing sufficient mechanical
support against the tracheal wall. The H&E staining at week 8 (Figure 5.15(b, e)) and week 12
(Figure 5.15(c, f) shows the fully restored normal tracheal cross-section of the airway. Compared
to the normal tracheal (Figure 5.17(a, b)), the rabbit trachea of LZ61 stent group at week 8 and
12 exhibited same complete epithelium layer. However, larger vessels in submucosa were
observed at both week 8 and week 12. Vascularization was also observed in normal rabbit
trachea (5.17 (b)), but the vessel size was much smaller than the LZ61 stent group. The shape of

the trachea restored to normal elliptic shape after the stent was dissolved.
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Figure 5.15. H&E staining of LZ61 stent stented trachea 4 weeks post implantation(a) 2X, (d) 20X; 8 weeks post

implantation (b) 2X, (e) 20X and 12 weeks post implantation (c) 2X, (f) 20X.
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Figure 5.16. H&E staining of 316L ss stent stented trachea 4 weeks post implantation(a) 2X, (d) 20X; 8 weeks post

implantation (b) 2X, (e) 20X and 12 weeks post implantation (c) 2X, (f) 20X.
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Figure 5.17. H&E staining of healthy rabbit trachea (a) 2X (b)20X.
4 weeks

12 weeks

LZ61 stent

316L ss stent

4= Giantcells

Control

Figure 5.18. Giant cells in stented rabbit trachea in higher magnification H&E staining images, the red arrow

indicates the position of the giant cells. (scale bar = 50pm)
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Figure 5.16 showed the H&E staining of the 316L ss stent stented trachea at week 4,
week 8 and week 12. Due to the hardness of the 316L stainless steel, it was extremely difficult to
cut the paraffin block without breaking the tissue around the stent. Therefore, all the 316L ss
stents were removed from the trachea before the paraffin imbedding. Similar to LZ61 stent group,
at week 4, the tracheal lumen was closer to a circle due to the mechanical force provided by the
expanded 316L ss stent. As the rabbit trachea had grown larger due to the advancing rabbit age,
the trachea lumen was restored to the elliptic shape. Integrated epithelium layer was clearly
observed at all the time points except at week 12. Part of the epithelium layer was gone due to
the removal of the stent at week 12. Large vessels were also shown in the trachea submucosa at
week 8 and week 12.

As shown in Figure 5.18, giant cells are only observed in few spots of the LZ61 stented
trachea submucosa at week 4. No giant cells could be observed at week 8 and week 12 when the
stents were fully degraded. For 316L ss stented trachea and the normal healthy trachea, giant
cells were hardly noticeable to be identified.

The presence of glycosaminoglycans was identified by Alcian blue staining as shown in
Figure 5.19. For LZ61 stent group, a layer of mucus which was in blue color was observed at
week 4 (Figure 5.19(a)), indicating more mucus was secreted due the existence of LZ61 stents.
In the submucosa where the stent strut existed, there was also higher density of blue color,
indicating fibrosis tissue formed around the LZ61 stents. At week 8 (Figure 5.19(b)) and week
12 (Figure 5.19(c)), the epithelium and mucus secretion was normal for LZ61 group when
compared to normal trachea (Figure 5.19(g)). Since the stent were removed for the 316L ss stent
group, we were not able to identify the location of the stent strut, however, the epithelium and

mucus secretion was normal. Goblet cells were evenly distributed in all the groups at different
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time point same as normal trachea. The number of goblet cells were counted along the
epithelium in random selected regions and plotted in Figure 5.19(h). There was no statistically
noticeable difference observed among all the groups studied.

H&E staining of key organs (lung (Figure 5.20), kidney (Figure 5.21) and liver (Figure
5.22) that related to the metabolism of the degradation also demonstrated good biocompatibility
of the LZ61 stent and its degradation products. No noticeable abnormality was observed when

compared to the corresponding organs of the healthy rabbit.
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Figure 5.19. Alcian blue staining of the LZ61 stent stented trachea (a) 4 weeks, (b) 8 weeks and (c) 12 weeks post
implantation; Alcian blue staining of the 316L ss stent stented trachea (d) 4 weeks, (e) 8 weeks and (f) 12 weeks
post implantation; (g) Alcian blue staining of normal trachea; (h) number of goblet cells per 1 mm along the

epithelium. No statistically noticeable difference is identified among the different groups.
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Figure 5.20. H&E staining of the lung tissue. LZ61 stent group at (a) 4 weeks, (b) 8 weeks and (c) 12 weeks post

implantation; 316L ss stent group at (d) 4 weeks, (e) 8 weeks and (f) 12 weeks post implantation; (g) normal rabbit

lung tissue.
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Figure 5.21. H&E staining of the kidney tissue. LZ61 stent group at (a) 4 weeks, (b) 8 weeks and (c¢) 12 weeks post

implantation; 316L ss stent group at (d) 4 weeks, (e) 8 weeks and (f) 12 weeks post implantation; (g) normal rabbit

kidney tissue.
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Figure 5.22. H&E staining of the liver tissue. LZ61 stent group at (a) 4 weeks, (b) 8 weeks and (c) 12 weeks post

implantation; 316L ss stent group at (d) 4 weeks, (e) 8 weeks and (f) 12 weeks post implantation; (g) normal rabbit

liver tissue.

5.4  DISCUSSION

All the commercial balloon stents were manufactured using mini-tubes fabricated by tube

extrusion and tube drawing. However, in this study, we chose to produce Mg alloy tubes using
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wire EDM considering the ease of processing. Another advantage of using wire EDM is that the
microstructure of the Mg alloy was preserved and therefore the mechanical properties and
corrosion resistance will not be altered. The impact of tube extrusion and tube drawing on LZ61
alloy is still worthy to be studied in the future since this is a routinely used standard process for
industrial grade manufacturing of stent.

This bioreactor study demonstrated much better corrosion resistance of LZ61 alloy when
compared to AZ31 alloy. Yun ef al. proved that the flow-induced shear stress plays an important
role in the degradation of Mg alloys. [104] McHugh e al. also reported that flow conditions
significantly increased the corrosion rate of AZ31 alloys relative to static tests.[105] Three
mechanisms were proposed to explain the increase corrosion rate: (1) the flow induced sheer
stress prevents the formation of uniform corrosion layer; (2) the flow induced sheer stress leads
to more localized corrosion; (3) the flow induced sheer stress causes the detachment of the
corrosion layer. For LZ61 stent, more Ca and P was deposited into the degradation layers, and
the degradation layer was therefore, much stable than the degradation layer of AZ31 stent.
Therefore, LZ61 stents was better protected under flow environment, and exhibited much slower
corrosion rate.

Different animal models have been used in tracheal study research, such as rabbit [180,
181], pig [182-184], sheep [185-187] and dog [188]. In general, the trachea of larger animals,
such as pig and sheep, are closer to the human trachea in terms of dimension, wall thickness.
Rabbits were chosen as the animal model in this study because the major targeting patient group
of the LZ61 tracheal stent is pediatric patient. Smaller trachea size of rabbits is closer to the

situation of pediatric patients, especially newborns justifying its selection.
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After 12 weeks of implantation, there was clear narrowing of the airway due to stenosis
formation in 316L ss stent group. Building up of stenosis tissue is typical for metallic non-
degradable stents. [25] This is problematic because (1) it is impossible to remove or adjust the
metallic stents without causing trauma; (2) the airway will be blocked again due to the ingrowth
of stenosis tissue; (3) for pediatric patients, the metallic stent will act as metal cage and inhibit
the growth of trachea. LZ61 stents showed advantages over 316L ss stent due the nature of
degradable. Rabbit airway fully restored to normal and continued to grow after LZ61 stent was
degraded. We also noticed the formation of gas pocket around the LZ61 stents, which were
common for magnesium alloy-based implants. [161, 162, 189] For tracheal stent application, the
formation of H> gas pocket is not issue, all the H> gas could be easily removed during respiration.

Despite the encouraging result, LZ61 stent experienced a steep increase of degradation
after 4 weeks of implantation. The major difference between the bioreactor system we used here,
and the in vivo condition is that stents experience cyclic stress after implantation. It is known that
the cyclic stress leads to stress corrosion cracking (SCC) [106, 107], which eventually break
down the structure of the stents. In addition, the mechanical strength of the stent decreases as the
degradation of the magnesium matrix. The stent might crash due the stress from the trachea
movement, this will further speed up the degradation/failure of the stent. Further study is clearly
necessary to understand how external stress lead to the different degradation pattern of LZ61
stents. At the current stage, there is no standard guidance indicating how long the tracheal stent
should last, however, further optimization could be achieved to improve the durability of the
stents, such as design optimization, coating technology etc.

As shown in Figure 5.23, the corrosion rates of LZ61 alloy and AZ31 alloy under

different tests are summarized. Since AZ31 stents were not implanted in vivo, therefore no AZ31
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in-vivo stent degradation rate was plotted in Figure 5.23. However, when the LZ61 alloy and
AZ31 alloys were fabricated into stents, the degradation rate was observed to significantly
increase compared to the corrosion rate measured from the alloys tested in-vitro and in mice sub-
cutaneous studies outlined in specific aim 1 in chapter 2 and specific aim 3 in chapter 4,
respectively. This could be attributed to two reasons: First, the surface area to weight ratio is
much larger for the stents, therefore, a larger area of the metal matrix is exposed to the corrosive
environment; Second, the surface condition resulting from electrochemical polishing is different
from the surface condition of the disk sample polished by sand paper. It should also be noted that
there is no significant difference in the average corrosion rate of LZ61 stent observed in the
bioreactor setup after 5 weeks and that determined from the stent implanted in the rabbit trachea
model after 4 weeks. These results indicate that the conditions in the bioreactor set up indeed
reflects the dynamic nature of the fluid flow across the stent as opposed to the static conditions
prevalent in the in-vitro tests of the same alloys tested in the form of discs. At the same time, as
discussed in chapter 4, when both alloys were tested as disks implanted in the mice sub-
cutaneous model, the corrosion rates exhibited no statistical difference. It therefore appears that
the bioreactor conditions are more representative of the actual in-vivo conditions seen in the
trachea. More studies are however, clearly warranted to validate and establish a more scientific
correlation between the dynamic in-vitro and in-vivo corrosion rates. These studies are planned
to be executed in the future and will be tested using the next generation of fabricated tracheal

stents.
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Figure 5.23. A summary of corrosion rate of LZ61 and AZ31 alloy under different test. Immersion test: 5-week
corrosion rates calculated based on the immersion test; Electrochemical test: corrosion rates calculated based on
tafel plot; 4 weeks subcutaneous implantation: corrosion rates calculated based on the weight loss after 4 weeks of
implantation; 12 weeks subcutaneous implantation: corrosion rates calculated based on the weight loss after 12
weeks of implantation; Bioreactor: corrosion rate calculated based on the stent volume loss after 5 weeks of
immersion in bioreactor; Rabbit trachea implantation: corrosion rate calculated based on the stent volume loss after

4 weeks of implantation in rabbit trachea. *denotes a significant difference between alloy groups (p <0.05, n=3).

LZ61 stents demonstrated comparable biocompatibility as 316L ss stents based on the
H&E staining and alcian blue staining. This is encouraging since 316L ss stents are widely used
as biomaterials for implants and demonstrate excellent biocompatibility. Giant cells were
noticeable only in few spots of the LZ61 stent stented airway at week 4. This implies the
likelihood of potential inflammation observed in the early stages of implantation when the LZ61

stent was undergoing degradation and the corresponding degradation products were released into
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the surrounding tissues, mainly the submucosa. For 316L ss stent, since there is no evidence of
degradation observed, and the part of the tissue connecting to the stent was removed, no giant
cells were identified at the 4 week time point. After the LZ61 stent was fully degraded, the
tracheal tissue was observed to be normal when compared to the tracheal tissue of healthy rabbit.
No giant cells were identified in the LZ61 stent stented airway at week 8 and 12 which is same
for the 316L ss stent group as well, Trachea mucosa layer was fully restored at 8 weeks for LZ61
stent. This is critical, since the scarring of the mucosa layer was the major reason of the stenosis
tissue formation. There was no statistically relevant change in regards to the goblets cells
observed throughout this study, indicating that the mucus secretion was not impacted by the
presence of the 316L ss stent or LZ61 stent. One of the biggest pitfalls raised by previously
reported study is that these remnants of the degraded stents might migrate to the bronchi leading
to progressing dyspnea.[59] In our study, all the rabbits however, survived the implantation
surgery and also endured the stents well. Histology of the lung also did not show any
abnormality caused by the debris of the degraded stents. We believe that this is a major
advantage of our newly developed Mg-Li ultra-high ductility (UHD) alloy stents compared to

biodegradable polymeric stents reported in the literature.

129



6.0 CONCLUSIONS AND FUTURE WORK

The dissertation herein has presented a comprehensive study utilizing ultra-high ductility
(UHD) multi-phase Mg-Li based alloys for biodegradable tracheal stent application. The study
began with Mg-Li based alloy design, fabrication and characterization of the generated alloys.
This was then followed by further exploring the in vitro cytotoxicity using BEAS-2B cells and
the in vivo degradation and toxicity in mouse subcutaneous model. Finally, prototype stents were
fabricated using the overall best alloy, LZ61 alloy, and then assessed for the feasibility of this
newly fabricated stent device in a bioreactor system and rabbit airway model. Six Mg-Li based
alloys were studied in this study comprising various chemical compositions. Three alloys,
namely Mg-6Li-1Zn (LZ61), Mg-6Li-1Al-1Zn (LAZ611) and Mg-6Li-3Al-1Zn (LAZ631)
alloys, have higher percentage of the a phase (HCP structure). The other three alloys, namely
Mg-9Li-1Zn (LZ91), Mg-9Li-1Al-1Zn (LAZ911) and Mg-9Li-3Al-1Zn (LAZ931) alloys,
exhibit higher percentage of the  phase (BCC structure). LZ61 alloy demonstrated the best
overall performance and was eventually used for stent fabrication and evaluation. In addition, the
work presented here showcased a systematic method of materials design, fabrication, screening
and device prototyping, bench testing, and finally, in vivo evaluation of the biodegradable
tracheal stent. This process could be applied to the study of other materials targeting
biodegradable tracheal stent application or the study of novel magnesium alloys for other

biodegradable medical device applications.
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In specific aim 1, we demonstrated that all the six Mg-Li-Zn-(Al) alloys exhibited
chemical composition close to the nominal composition. Both a phase and § phase co-existed in
all the six Mg-Li-Zn-(Al) alloys as verified by the X-ray diffraction analysis. With the correct
chemical composition and microstructure, all the six alloys exhibited significantly better ductility
due to the introduction of the  phase. The strength of the alloy however, expectedly decreased
with the presence of a high percentage of the softer metallic Li in the alloy. The alloying element
Al contributed to the strength of the materials. With high content of Al in the alloy, the tensile
strength and ultimate tensile strength of the Mg-Li-Zn-(Al) alloys also increased. However, the
ductility also reduced. In terms of degradation, it appears that alloying with Li and Al both
increased the degradation of the alloys. LZ61, LAZ611 and LAZ911 exhibited the lowest
corrosion rate after 5 weeks of immersion in HBSS.

In specific aim 2, three Mg-Li-Zn-(Al) alloys, LZ61, LAZ611 and LAZ911, were
selected for in vitro cytotoxicity test. All the alloys showed acceptable in vitro cytotoxicity
compared to pure Mg and AZ31. The cell viability of Mg-Li-Zn-(Al) alloys was lower based on
the MTT test result, even though Live/Dead imaging showed that cells were still proliferating,
and the cell morphology was normal. Further, cell apoptosis assay and cell cycle assay showed
that the lower cell viability was not caused by cell apoptosis but due to the inhibition of BEAS-
2B cell proliferation. Significantly more cells were locked in the G2/M phases. Further study was
performed using MgCl, and LiCl salts, the results indicating that the lower cell viability was the
result of Li ions released into the cell culture media. This implies that, Mg-Li-Zn-(Al) alloys
with lower Li content might be beneficial to improve the in vitro cytotoxicity.

In specific aim 3, in vivo degradation and toxicity of Mg-Li-Zn-(Al) alloys were

evaluated in a mouse subcutaneous model. The results clearly showed that the corrosion of Mg-
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Li-Zn-(Al) alloys largely depended on the testing method employed, the time of implantation,
and the external environment. Weight loss, H> gas cavity size and H> measurement all resulted in
slightly different results. In general, the degradation rate was slower at longer time points due to
the protection induced by the stabilized degradation layer. The in vivo degradation rate was quite
different from the in vitro degradation rate calculated by the immersion test. Only LZ61 alloy
showed consistently low corrosion rate both, in the in vivo and in vitro studies. In terms of local
toxicity and systematic toxicity, all the six Mg-Li-Zn-(Al) alloys demonstrated excellent
biosafety of the alloy and the degradation products.

In the final specific aim, LZ61 alloy were used for stent fabrication. Prototype tracheal
stents were successfully manufactured following the procedure we developed. LZ61 stent was
first evaluated in a bioreactor system using AZ31 stent as the control. LZ61 stent demonstrated
significantly higher corrosion resistance in a dynamic flow environment. This is due to a more
stable degradation layer formed with the significant presence of more Ca and P. LZ61 stent was
finally implanted in rabbit trachea with 316L ss stent as control. The LZ61 stent fully degraded
at week 8 post implantation without displaying any inhibition of growth of the trachea. However,
in contrast, the trachea was significantly narrowed after 12 weeks of implantation with the 316L
ss stent. The histology analysis also showed excellent biocompatibility of LZ61 stents. However,
there was a steep increase in degradation after 4 weeks of implantation. This might likely be due
to the prevalence of cyclic stresses continuously applied on the LZ61 stent during the dynamic
respiratory process endured by the rabbit.

In conclusion, we have demonstrated the feasibility of using LZ61 alloy based
biodegradable magnesium alloy for tracheal stent application. With this new technology,

clinicians will be able to apply tracheal stents without the concern of long-term existence of the
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stent or combat the difficulty associated with removing these stents. Future studies should be
directed to further improve the performance of the proposed magnesium alloy based
biodegradable tracheal stent. These studies will focus on: (1) studying the impact of mini-tube
fabrication on the mechanical properties and corrosion resistance of LZ61 alloys; (2) optimizing
the LZ61 stent design to offer better deliverability and mechanical support: (3) incorporating
advanced coating and drug eluting strategies to improve the durability of LZ61 stent and add
therapeutic benefits. Execution of research in these directions in the future will likely further
improve the performance of LZ61 tracheal stent, and eventually pave the way for a new

treatment method for airway obstruction.
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APPENDIX A

IDENTIFY THE POTENTIAL USE OF THE SELECTED MG-LI-ZN-(AL) ALLOYS AS
BIODEGRADABLE VASCULAR STENT MATERIALS BY CONDUCTING IN VITRO

STUDIES

A.1 INTRODUCTION

Cardiovascular disease is the number one killer all over the globe accounting for one out
of every three deaths. Since first introduced in 1989, vascular stents have become the default
medical device for percutaneous coronary intervention (PCI). [190] Drug-eluting stent (DES) are
the current golden standard of vascular stents, which significantly reduce the restenosis rate
compared to bare metal stent (BMS). However, concerns have been raised about the use of DES,
such as late arterial healing, late stent thrombosis and abnormal vessel remodeling.[73]
Bioresorbable Vascular Scaffolds (BVS) are considered as the 4™ revolution in PCI technology.
The scaffolds will provide temporary support to the vessel wall after angioplasty and are
subsequently absorbed upon fulfilling the objectives. However, polymer stents are associated
with issues such as stent fracture, inferior deliverability, and malapposition. In addition to
tracheal stent application, in the present study, we evaluated the in vitro cytotoxicity of Mg-Li-

Zn-(Al) alloy for vascular stent application.
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A.2 MATERIALS AND METHODS

A.2.1 Cell culture and extract preparation

Human aorta smooth muscle cells (HASMC) (ScienCell Research Labratories #6110) and
human vascular endothelial cells (HUVEC) (ATCC #PCS-100-010) were cultured in smooth
muscle cell medium (SMCM) (ScienCell Research Labratories) and endothelial cell growth
medium (EGM-2) (EGM™-2 BulletKit™, Lonza Biosciences), respectively. Samples were
ground utilizing SiC abrasive sand papers up to 1200 grit, sterilized for 30 min by exposure to
UV radiation for each side and then immersed in cell culture medium for 72 hours in a standard
cell culture incubator. The specimen surface area to extraction medium ratio was maintained at
1.25 cm?/ml in accordance with EN ISO standard 10993-12:2004. This extraction ratio was
designated as 100% extract. Extracts were sterile filtered using a 0.2 um syringe filter before
being added to the cells. Low concentration extracts were prepared by diluting the 100% extract

into 75%, 50%, 25% and 10% with cell culture medium.

A.2.2 Indirect MTT assay

Indirect MTT assay were conducted following the same procedure described in previous
publications from our group [97, 137]. Briefly, the cells were seeded in 96-well plate at a cell
density of 2, 000/well for HASMC and 4,000/well for HUVEC and incubated for 12 hours.
Following this, 75%, 50%, 25% and 10% extracts were added with normal cell culture medium

serving as the negative control while 10% DMSO cell culture medium served as the positive
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control. The well plates were incubated for 1 day and 3 days respectively, and analyzed by

Synergy 2 Multi-Mode Microplate Reader (Bio-Tek Instruments, Winooski, VT).

A.2.3 Live/dead staining and DAPI&F-actin staining

In addition to the tests above, live/dead staining was performed to investigate the cell
viability while DAPI&F-actin staining was performed to image the cell morphology. Cells with a
cell density of 2, 000/well for HASMC and 4,000/well for HUVEC were seeded in 48-well
plates and accordingly incubated in 25% extract for 3 days. LIVE/DEAD viability/cytotoxicity
kit (Invitrogen Inc., Karlsruhe, Germany) was used to stain the live and dead cells to glow green
(ethidium homodimer-1) and red (calcein-AM), respectively. For DAPI&F-actin staining, DAPI
(AppliChem, Darmstadt, Germany) served as the fluorescent probe for DNA (blue), and

rhodamine phalloidin served as the fluorescent probe to label the F-actin (red).

A.2.4 Cell apoptosis and cell cycle assay

The effect of degradation product on cell apoptosis and cell cycle was evaluated by
culturing 50,000 HASMC/well or 100,000 HUVEC/well in 6-well plates in 25% extract for 24
hours. For the cell cycle study, the cells were culture in serum-free medium for 24 hours for
synchronization. FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, USA) was used
to detect the early apoptosis and late apoptosis. Propidium lodide (PI) (PI/RNase Staining
Buffer, BD Biosciences, USA) was used to measure the DNA content and evaluate the

percentage of cells in each cell cycle phase.
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A.3 RESULTS AND DISCUSSION

The ICP result (Figure A.1 and Figure A.3) indicates a burst release of Mg and Li ions
collected from pure Mg and Mg alloys after incubation for 72 hours in the appropriate cell
culture medium. The concentration of Zn was below the detection limits and hence, was not
plotted. It can be seen that the Mg ion concentration increases more than 10 folds compared to
normal cell culture medium for both SMCM and EBM-2 culture media. For SMCM, The Mg
concentration in both pure Mg and AZ31 alloy extracts were significantly higher than LZ61,
LAZ611 and LAZ911 alloy extract (p<0.05). Li ion concentration was also significantly higher
in LAZ911 alloy extract than LZ61 alloy and LAZ611 extract (p<0.05). Similar trends applied to
EBM-2, the only difference being that there was no significant difference in Mg ion

concentration between pure Mg and LZ61 and LAZ611 alloy extract (p>0.05).
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Figure A.1. Concentration of Mg and Li ion in SMCM media extract after 3 days of incubation.
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As shown in Figure A.2, HASMC viability was negatively correlated to extract
concentration with higher cell viability in lower extract concentration. The cell viability in 75%
extract after culturing for 1 day was less than 40%, and even close to 0% for after 3 days of
culturing. At day 1 and day 3, only groups with extract concentration of 10% showed close to or
more than 100% cell viability. Two-way ANOVA was performed to analyze the statistical
difference between the different alloy groups. Magnesium alloy group and extract dilution ratio
served as the two independent variables and cell viability served as the dependent variables in
the two-way ANOVA analysis. Cell viability of each magnesium alloy group is discussed as an
independent variable in general regardless of the extract dilution ratio. At day 1, LZ61 alloy,
LAZ611 and LAZ911 groups showed higher cell viability than Mg and AZ31 group (p<0.05),
which is because of the high cell viability at 75% extract dilution ratio. At day 3, no significant
difference was observed between LAZ611 alloy group and LAZ911 alloy group (p>0.05). LZ61

alloy groups however, showed higher cell viability than all the other groups (p<0.05).
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Figure A.2. HASMC cell viability after culturing in different concentration extract for (a) 1 day; (b) 3 days;

*denotes a significant difference between alloy groups (p <0.05, n=3).
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Figure A.3. Concentration of Mg and Li ion in EGM-2 media extract after 3 days of incubation.
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Figure A.4. HUVEC cell viability after culturing in different concentration extract for (a) 1 day; (b) 3 days;

*denotes a significant difference between alloy groups (p <0.05, n=3).
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Similar results were observed for the HUVEC cells. Higher HUVEC viability was
observed in lower extract concentrations. At day 1, there is no statistically significant difference
observed between LAZ611 alloy group and LAZ911 alloy group (p>0.05). LZ61 alloy showed
lower cell viability than Mg group (p<0.05) but higher cell viability than AZ31, LZ61 and LZ91
alloy groups (p<0.05). There is also no statistical difference observed between the Mg and AZ31
alloy group (P>0.05). At day 3 however, LZ61 alloy group showed higher cell viability than
AZ31 and LAZ611 alloy group (p<0.05).

Based on MTT results, 25% extract was the only group that showed the impact of
degradation products on different cells while still supporting limited cell proliferation. Therefore,
25% extract was used for live/dead staining and DAPI/F-actin staining to visualize the impact of
degradation product on cells. Despite the differences observed in the MTT assay discussed
above, the live/dead staining of HASMC and HUVEC after culturing in 25% extract showed
similar results (Figure A. 5, Figure A.6). All pure Mg and Mg alloy groups showed lower cell
density when compared to the control group, wherein cells were cultured in normal cell culture
medium. The Mg-Li-Zn-(Al) alloy groups demonstrated comparable live cell density with very
few apoptotic cells. Regardless of the lower cell density, all the pure Mg and Mg alloy groups
showed same cell morphology as the cells cultured in normal cell culture medium (Figure A. 5,
Figure A.6). The HASMCs demonstrated a spindle shaped cell morphology while the HUVECs

exhibited a rather rounded shaped cell morphology.
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Figure A. 5. (a) Live/dead staining (b) DAPI/F-actin staining of HASMC after 3 days culture in 25% extract or

normal cell culture medium (control), scale bar = 300 pm (upper), scale bar = 50 um (bottom).
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Figure A.6. (a) Live/dead staining (b) DAPI/F-actin staining of HUVEC after 3 days culture in 25% extract or

normal cell culture medium (control), scale bar = 300 pm (upper), scale bar = 50 um (bottom).

The effect of degradation products on cell apoptosis and cell cycle were further
investigated by culturing the cells in 25% extract for 24 hours. The apoptosis assay demonstrated
a significantly higher early apoptosis and late apoptosis of HASMC cells in the LAZ611 and
LAZ911 alloy groups when compared to the other alloy groups (p<0.05) (Figure A.7). As
depicted in Figure A.8, pure Mg, AZ31 and Mg-Li-Zn-(Al) alloys extract exhibit similar

distribution of HASMC in each of the cell cycle phases to the control groups, where the cells
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were cultured in normal cell culture medium. For the HUVECs, the LAZ611 alloy group exhibit
significantly higher early stage apoptosis rate (p<0.05) compared to the other groups (Figure
A.9). As show in Figure A.10, for HUVEC, no significantly difference was observed among the
percentage of cells in GO/G1 and S phases. Slightly more cells were in G2/M phases for LAZ611

and LAZ911 alloys compare to AZ31 and Control (P<0.05).
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Figure A.7. Early apoptosis and later apoptosis rate of HASMC cells after culturing in 25% extract for 24 hours.

*denotes a significant difference between alloy groups (p < 0.05, n=3).
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Figure A.8. Percentage of HASMC cells in at different cell cycle phase after culturing in 25% extract for 24 hours.

*denotes a significant difference between alloy groups (p < 0.05, n=3).
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Figure A.9. Early apoptosis and later apoptosis rate of HUVEC cells after culturing in 25% extract for 24 hours.

*denotes a significant difference between alloy groups (p < 0.05, n=3).
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Figure A.10. Percentage of HUVEC cells in at different cell cycle phase after culturing in 25% extract for 24 hours.

*denotes a significant difference between alloy groups (p < 0.05, n=3).

Smooth muscle cells and endothelial cells are the two reverent cells that will interact with
the magnesium stents following implantation. Therefore, the two human prime cells, HASMC
and HUVEC, were selected for evaluating the in vitro cytotoxicity of the two selected Mg-Li-Zn
alloys of LZ61 and LZ91. Previous study [143] showed that vascular cells exhibited low viability
when directly seeded on Mg alloy surface. Therefore, in this study, all cytotoxicity tests were
conducted in an indirect manner using the extract protocol. The indirect MTT assay results
indicated that 75% and 50% extract concentration resulted in relatively lower cell viability
especially after 3 days, while the 10% extract promoted the cell viability. Therefore, the 25%
extracts were selected as the extract concentration for all the other in vitro cyto-compatibility

tests.
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The accumulation of degradation product in the extract led to an increase in the apoptosis
rate in both HASCMs and HUVECs. Even though Mg-Li-Zn-(Al) alloy groups showed
significant increase in the apoptosis rate, we do notice that the average apoptosis rate is higher
for all pure Mg group and Mg alloy groups than the negative control group. This result is in
agreement with previous studies, where Mg alloy extract caused an increase in the cell apoptosis
rate [143, 145, 146]. Zhanhui Wang et al. believe that the elevated pH value, and Mg ion
concentration are the determining factors that contribute to the observed cell apoptosis [145].
The increase in apoptosis rate also explains why the cell viability is lower at day 3 in the MTT
assay for all the extract concentrations studied except for the 10% extract. The effect of extract
on the cell cycle also depends on the cell types.

In this study, the cell cycle phase distribution of HASMC and HUVEC cells were by and
large observed to be similar, with certain groups exhibiting slightly higher than other groups.
Based on the results from this study and previous studies, it could be concluded that the
degradation product might affect the occurrence and progression of all three phases of cell
proliferation and the effect will depend on alloy composition and corrosion rate. Despite these
effects discussed above, the cell morphology of HASMC and HUVEC remained normal after
culturing for 3 days in 25% extract which indicates that the surviving cells might still function
well. The effect of Li ion on the HASMC and HUVEC is not clear, since the effect of the extract
is indeed a combination of all alloying elements. Wang et al. proved that LiCl inhibits vascular
smooth muscle cells proliferation and migration [149]. However, in the present study, the extract
of Mg-Li-Zn-(Al) alloys did not reduce the cell viability of HASMC and HUVEC as well as the
cell apoptosis rate and the cell cycle stages. Further study is however, required to clearly

understand the effect of Li ion on both the HASMC and HUVEC cell response and eventual fate.
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A4  CONCLUSIONS

All Mg-Li-Zn-(Al) alloys showed comparable in vitro cytotoxicity. Particularly, for the
LZ61 alloy, similar results of cell viability, cell apoptosis and proliferation to pure Mg and AZ31
alloy were observed. This study clearly indicates that the multi-phase ultra-high ductility Mg-Li-
Zn-(Al) alloys displays the potential to be used as stents in cardiovascular disease treatment.
Further studies will focus on vascular stent prototyping and evaluating these stents in a clinically

relevant animal model.
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APPENDIX B

A FEASIBILITY STUDY OF USING BIODEGRADABLE AZXM ALLOY FOR

TRACHEAL STENTS APPLICATION

B.1 INTRODUCTION

We evaluated the feasibility of using new developed AZXM alloy for airway stenting
application. AZXM alloy was fabricated using conventional casting facility and extruded into
rods. The mechanical properties, in vitro degradation behavior and cyto-biocompatibility of
AZXM alloys were evaluated. In addition, a pilot short-term implantation of prototype stents was

conducted to evaluation the airway tissue response to AZXM alloys.

B.2 MATERIALS AND METHODS

B.2.1 Materials fabrication and characterization

AZXM alloy was prepared by conventional casting. Pure metal ingots or pellets were

added in the sequence of Mg, Mn, Al, Ca and Zn based on the nominal composition, and were
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melted in a mild steel crucible heated to 720°C using an electrical resistance furnace (Wenesco
Inc., Chicago, IL). Ar + 0.1% SFs was used to create a protective environment. After adding Zn,
the melt were kept at 720°C for 10min, mixed by appropriate stirring and poured into a mild
steel mold pre-heated at 500°C. The as-cast ingots were solution treated (T4 treated) at 385°C for
10h under the protection of continuous ultra-high pure Argon in a tubular furnace and then
quenched in water. After T4 treatment, the ingots were machined into cylinders
(¢6=38mmx*60mm) and extruded into rods (¢=12mm) at 300°C with an extrusion speed of 1
mm/s followed by quenching in water. The extrusion ratio is 10 for all ingots. The actual
chemical composition of AZXM alloy was verified by inductively coupled plasma optical
emission spectroscopy (ICP-OES, iCAP duo 6500 Thermo Fisher, Waltham, MA). The
formation of phases was tested by XRD (Philips X Pert PRO diffractometer), employing Cu Ka
(L = 1.54056 A) radiation with a Si detector (X celerator). The X-ray generator operated at 45

kV and 40 mA at a 20 range of 10-80°.

B.2.2 Microstructure characterization

To observe the microstructure of AZXM alloys, round plate samples (¢=10mmx2mm)
were sliced by lathe from the center of the as-cast/T4 treated ingots and extruded rods. All
samples were grinded with SiC abrasive sandpapers up to 1200 grit and polished with
monocrystalline diamond suspension spray (1 um, Buehler) and finally with Masterprep®
Alumina Suspension (0.05 pm, Buehler). Samples were etched in a solution of 5 ml acetic acid,
6 g picric acid, 10 ml water and 100 ml ethanol. Microstructures of samples were observed under

a Nikon Optiphot microscope (Nikon, Tokyo, Japan) and scanning electron microscopy (SEM;
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JSM6610LV, JEOL) coupled to an energy dispersive x-ray (EDX) (Oxford Instruments,

Abingdon, Oxfordshire, UK).

B.2.3 Mechanical property characterization

Tensile testing was performed for as-cast, T4 treated and extruded AZXM alloys, as well
as AZ31 alloys as control. Tensile bars were machined along the axis direction of the ingots or
extruded rods by CNS machine. The size of the tensile bars was determined as per ASTM
E8/E8M-11 standard with a half inch gauge length and 3 mm X% 3mm gauge area. For each
sample, a stress-strain curve was generated by Instron 5969 testing system (Instron, Norwood,
MA) equipped with an extensometer (Instron 2630 series, Norwood, MA) measuring the
elongation. Three typical stress-train curves from each group were used to calculate the yield
strength (YS) and ultimate strength (UTS) and elongation at fracture (EL) using Bluehill® 3
Testing Software for Mechanical Testing Systems (Instron, Norwood, MA). Average and

standard deviation of the three samples were calculated for each group.

B.2.4 In vitro degradation evaluation

Immersion test was conducted to evaluate the in vitro degradation of AZXM alloys based
on ASTM standard G31-12a. Round plate samples (¢=10mmx*2mm) were sliced by lathe from
the center of the as-cast/T4 treated ingots or extruded rods along the axis direction. All samples
were grinded with SiC abrasive sandpapers up to 1200 grit. All samples were then sonicated in
ethanol, weighed and sterilized under UV. Each sample was immersed in Hanks’ solution in a

50mL Bio-Reaction centrifuge tube with a 0.22um hydrophobic membrane in the vent cap. The
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ratio of Hank’s solution volume to sample surface area is 0.20 mL/mm?. All samples were stored
in COz incubator and kept in 37°C and 5% CO; humidified atmosphere. After immersion for 1, 2,
and 3 weeks, samples were retrieved from buffer media, washed in DI water, ethanol and dried
in air. Corrosion products were removed by immersion in solution of 200g chromium trioxide,
10g silver nitrate and 100ml water for 10min. The samples were then washed in DI water, ehanol,
dried in air and weighed. Corrosion rate was calculated based on mass loss; the equation used for
calculation is list below:

Corrosion Rate(mm/year) = (K X W)/(AXTx D) (1)

Where the constant K is 3.65 X 10%, W is mass loss (g), A is the surface area of each

sample (cm?), T is the immersion time (Day), and D is the density of each alloy (g/cm?). One
sample from each group at each time point will be mounted in epoxy to obtain the cross-section

profile of degradation layer and degradation morphology.

B.2.5 Extract preparation

Round plate samples (¢=10mmx>2mm) were sliced and grinded with SiC abrasive
sandpapers up to 1200 grit. All samples were then ultrasonically cleaned in ethanol, dried in air,
sterilized under UV for 30 min each side. The extract was obtained based on the IOS 10993-12-
2012 standard. All the samples were pre-incubated in Bronchial Epithelial Cell Growth Medium
(BEGM™; Lonza, Walkersville, MD, USA) for 72 hours at 37°C in a humidified atmosphere
with 5% CO». The ratio of sample surface area to medium volume is 1.25 cm?/ml. After pre-

incubation, the extract was filtered with 0.22um syringe-driven filter and kept in 4°C freezer.
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Totally 3 samples were used for each group at each time point in following tests. The

concentrations of different elements in extract were measured by ICP-OES.

B.2.6 Cell viability test

Normal human bronchial epithelial cells (BEAS-2B, American Type Culture Collection,
Rockville, MD) were cultured in BEGM medium at 37°C in a humidified atmosphere with 5%

CO, before seeded into 96-well plates at the density of 8 X 10%/100 ul in each well. After

incubation for 24 hours to allow the cells to attach the 96-well plates, the media were replaced by
extract diluted by BEGM at different diluting ratio (10%, 25%, 50% and 75%). Same volume of
BEGM medium was added as control. BEAS-2B cells were incubated in extract for another 1 or
3 days. CyQUANT® NF Cell Proliferation Assay Kit (Life Technologies, Grand Island, NY)
were used based on its protocol. Briefly, before the test, a standard curve was generated by

measuring the fluorescence intensities of 4x 10%,8 x 10%, 1.2 x 10* and 1.6 x 10* BEAS-2B

cells. After each time point, BEAS-2B cells in 96-well plates were washed with PBS and then
incubate with 50uL. dye binding solution. Plates were incubated at 37°C and measured using
fluorescence microplate reader with excitation at ~485 nm and emission detection at ~530nm.
The highest fluorescence intensity value was picked and converted to cell number using standard

curve.
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B.2.7 Live & Dead and DAPl/a-actin staining

1.6 x 10* BEAS-2B cells were seeded in each well of 48-well plates and incubated for

24 hours for cell attachment. Cell culture medium was then replaced by a mixture of 50% alloy
extract and 50% BEGM. After 3 days of incubation, BEAS-2B cells were staining with calcein
and ethidium homodimer-1 using commercial available LIVE/DEAD® Viability/Cytotoxicity Kit
(Invitrogen Inc., Karlsruhe, Germany). The cells were then imaged under fluorescence with
ex/em ~495 nm/~515 nm (live cells) and ex/em ~495 nm/~635 nm (dead cells) respectively. To
image the cell morphology, BEAS-2B cells were stained by DAPI (AppliChem, Darmstadt,

Germany) and Phalloidin (Sigma-Aldrich, St. Louis, MO) to visualize the nucleus and F-actin.

B.2.8 In vivo evaluation of AZXM prototype stents

To further evaluate the biocompatibility of the AZXM alloys, prototype stents were
machined from extruded AZXM rods using CNC machining. The stents were designed as a non-
expandable tube structure with an outer diameter of Smm, inner diameter of 4mm and length of
I5mm. All stents were sonicated in isopropanol for 5 minutes and dried in air, and then
terminally sterilized with y-irradiation (J.L. Shepherd, San Fernando, CA) before implantation.
The dose rate is 2425¢Gy/min, and total dosage is 2,000,000 cGy.

This animal study was conducted under a protocol approved by Institutional Animal Care
and Use Committee (IACUC) at University of Pittsburgh. One rabbits was anesthetized by
intramuscular injection of ketamine/xylazine, 35mg/kg and 5mg/kg respectively, before surgery.

A vertical midline incision was made to expose the airway. The prototype stent was delivered
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through the incision and placed inside the lumen of tracheal. The anterior vertical airway incision
was closed using 4/0 Vicryl (polyglactin 910) and skin and subcutaneous layer were together
closed with 4/0 Vicryl (polyglactin 910) interrupted sutures allowing air.

After 4 weeks of implantation, endoscopy imaging was performed before the rabbit was
anesthetized. Laryngo-tracheal region of the airways was harvested with prototype stent inside
and fixed in formalin. The tissue was trimmed and embedded in paraffin. The embedded paraffin

blocks were fixed on a microtone and cut into thin slices and stained with hematoxylin-eosin.

B.2.9 Statistics

The obtained results were expressed as the mean =+ standard deviation. Two-way
ANOVA was conducted to determine differences between different groups of samples. Statistical
significance was defined as p < 0.05. Statistical analysis was performed with IBM SPSS

Statistics 24 for Windows.

B.3 RESULTS AND DISCUSSION

B.3.1 Microstructure and mechanical properties of AZXM alloy

AZ31 alloy has been tested as a biodegradable magnesium alloy in numerous studies
because of the high corrosion resistance and mechanical properties.[92, 93, 102] Al is the most
common alloying element which improves the mechanical properties and corrosion resistance of

magnesium alloys.[191] However, the neurotoxicity of aluminum of Al has been reported in
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previous publications.[132-134] The release of Al ions as magnesium alloy degrades might lead
to similar neurotoxicity as reported. Therefore, it would be beneficial to reduce the content of Al
and maintain the mechanical properties and corrosion resistance of AZ31 alloys. In this study, a
novel AZXM alloy was developed by modifying AZ31 alloy where Al is partially replaced by
Ca.

Table B.l Chemical Composition of AZXM alloys listed the actual chemical
composition of AZXM alloy. The actual content of each alloys were close to nominal
composition of AZXM alloy except Mn. The reasons could be: (1) Mn has much higher melting
temperature compared to other elements in AZXM alloys, it’s likely that Mn is not fully melted;
(2) In Mg-Al alloys, Mn reacts with detrimental impurity iron and form Als(Fe, Mn)> which

precipitate to the bottom of the melt. [192]

Table B.1. Chemical Composition of AZXM alloys.

Al Zn Ca Mn Mg

Nominal Composition (wt. %) 2% 1% 0.6% 0.2% Bal.

Chemical Composition (wt. %) 1.92% 1.05% 0.56% 0.02% Bal.

As shown in Figure B.1(a), as-cast AZXM alloy consists of fine equiaxed grains with
secondary phase precipitation homogenously distributed within the grains. After T4 treatment,
AZXM alloy exhibited no significant change but the partially dissolve of second phase
precipitation (Figure B.1(b)). Extruded AZXM alloys (Figure B.1(c, d)) exhibited typical fibrous

extrusion texture. The grains are significantly refined and elongated along the extrusion direction
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indicating that dynamic recrystallization happened during the extrusion process. Similar results
were observed under SEM/EDX (Figure B.2). The SEM image showed same microstructure to
what was observed under optical microscope. The enlarged view of the microstructure of AZXM
alloys and spot chemical analysis of the grain and the grain boundaries by SEM and EDX are
show in Figure B.2(b, d, f, g). The EDX (Figure B.2(g)) results indicated that the Ca content was
rich in both grain boundary and precipitated secondary phases. The content of Ca in AZXM alloy
matrix was much lower. This result is in agreement with previous studies that Ca is preferentially
precipitates along gran boundaries and second phase of magnesium alloys.[193] [194] The
solubility of Ca in Mg matrix is low with a maximal solubility of ~1.35% (wt. %) at 516.5°C. As
the ingot cool down, a eutectic structure is formed between Mg>Ca and Mg. And therefore Ca
was preferentially concentrated in intermetallic phases and grain boundaries. However, the XRD
spectacular (Figure B.3) of AZXM alloys didn’t show any obvious peaks associated with second
phases, but only peaks of a-phase. This might due to the low volume percentage of second

phases.
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Figure B.1. Optical microstructure of the AZXM alloys a) as cast, b) T4 treated, and extruded c) transverse

direction, d) longitudinal direction; the arrow indicates the extrusion direction.
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Atom

Element #1 #2 #3 #4 #5 #6
Mg T024% 9793 S629%  ORA2%  6159% U8 .04%
Al v, L55%  3200%  123%  2723%  O.80%
Zn 0.69% 049%  066%  033% L3l%  025%
Ca 6.70% 003%  1006%  001%  988%  001%

Figure B.2. SEM microstructure of the AZXM alloys as cast (a, b), T4 treated (c, d), as extruded (e, f). (g) The

chemical compositions of corresponding spots obtained from EDS analysis.
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For stents application, the tensile properties are of more interest. The tensile properties of
AZXM alloy were shown in Figure B.4. As cast AZXM alloys possessed low strength and
ductility when compared to AZ31 alloy. T4 treatment resulted in a slightly decrease of YS,
however, slightly improvement of UTS. Significant mechanical properties improvement was
observed after hot extrusion. Both strength and ductility of AZXM alloy were significantly
higher than as-cast and T4 treated AZXM alloys. Compared to AZ31 alloys with YS of
165.45+£8.01MPa and UST of 259.97+7.30 MPa, the extruded AZXM alloys exhibited higher
strength with YS of 233.534+4.15 MPa and UST of 283.08+1.72 MPa. In this study, AZXM alloy
was relatively brittle compared to AZ31 alloys. After extrusion, AZXM alloy possessed
elongation of 8.56+2.05% at fracture, which is much smaller than 17.12+1.77% of AZ31 alloys.
This results are in line with previous observations[194, 195].

By adding Ca into Mg-Al-Zn alloy system, the strength of the alloy is improved because
of the solid solution strengthening. The reduction of ductility after adding Ca is also found in the
study of other Mg alloys[195, 196]. It was reported that the lamellar Mg>Ca phase had a harmful
effect on the ductility of binary Mg-Ca alloy[197]. The Mg>Ca phase which was concentrated at
the grain boundaries acted as the nucleus of cracking. As metallic materials, Mg alloys are easy
of hot working, therefore the further material processing could potentially improve the ductility

of Mg alloys, such as ECAP.

B.3.2 In vitro degradation of AZXM alloy

In vitro degradation profile of AZXM alloy was presented in Figure B.5. As cast AZXM
group exhibited poor corrosion resistance and corroded fastest among all groups. The corrosion
rate was increasing over 3 weeks of immersion reaching 6.78+0.31mm/year at week 3. T4
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treatment significantly improved the corrosion resistance of AZXM alloy and the average
corrosion rate peaked after 2 weeks of immersion (1.46+0.07mm/year), and started to decrease
thereafter with a corrosion rate of 0.774+0.32mm/year at the end of 3 weeks. Slowest corrosion
rate of AZXM alloy was observed after extrusion. The 3-week average corrosion rate of AZXM
alloy is 0.19+0.06mm/year, slightly higher than the 3-week average corrosion rate of AZ31 alloy
(0.13+0.07mm/year). To investigate the corrosion mode of the AZXM alloys, the cross-sections
of samples after 3 weeks of immersion were observed under SEM (Figure B.6). Even though
pure Mg corroded relative slow, pit corrosion is the primary corrosion mode. The corrosion of
AZ31 is much uniform compared to pure Mg, but corrosion is not homogeneous, pit corrosion is
the major corrosion mode. As cast AZXM and T4 treated AZXM corrode much faster, and hence
after 3 weeks of immersion, a thick degradation layer formed on the surface of the samples.
Compared to AZ31, even though the corrosion rate of extruded AZXM is slightly higher, the
overall corrosion appears to be more uniform (Figure B.6). The EDX element mapping of as cast
AZXM degradation layer is shown in Figure B.7, the result shows that the degradation layer is

made of MgO and Mg(OH), with Ca and P deposited on the surface of corrosion layer.
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Figure B.5. In vitro degradation rate of AZXM alloy in Hank’s solution.
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Figure B.6. SEM micrographs of the corrosion profile after immersion for 3 weeks. (a) 99.97% pure Mg, (b) AZ31,
(c) AZXM as cast. (d) AZXM T4 treated. (e) AZXM as extruded. (E=epoxy, DL=Degradation layer, M=Mg or Mg

alloys.) The bar equals 500 um for (a), (b), (d), (¢) and 500 pum for (c).

Figure B.7. EDS mapping of the corrosion pit of as cast AZXM sample (a) SEM image corrosion pit; EDS mapping

of (b) Mg, (¢) P, (d) O, (e) Cl, (f) Ca.
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According to previous publications, the corrosion resistance of Mg alloy could be
enhanced by increasing the Ca content, but became worse after the amount of Ca reaching
certain limitation. Wan et al. demonstrated that Mg—0.6Ca showed highest polarization
resistance indicating the highest corrosion resistance and the polarization resistance decreased
when more calcium is added.[198] The increased corrosion rate could be explained by the higher
amount of second phase that causes micro-glavanic corrosion. The enhancement of corrosion
resistance after adding small amount of Ca (< 1%) generally could cause by the reduction of
oxidation in the molten condition and lower Ca containing a-Mg activity.[195] Grain refinement
also significantly improved the corrosion resistance of AZXM alloys in this study. Ca is believed
to server as a grain refinement additives, [199] and the extrusion further reduced the grain size
resulting in higher corrosion resistance, similar results were also shown in previous study on Mg-
Ca alloy [194]. In this study, AZ31 showed the slowest corrosion rate indicating that replacing
Al with Ca led to the increase of the corrosion rate.

The corrosion of AZXM alloy is also governed by the oxide film formed on the surface
of magnesium alloy. The protective film on magnesium formed in Hank’s solution was
composed mainly of Mg(OH),. However, of Mg(OH), layer is soluble in most aqueous
environments, and incompletely cover the metal surface, localized corrosion usually happens at
unprotected spot of the surface. The in vitro corrosion showed that, after extrusion, AZXM
alloys exhibited much more uniform corrosion when compared to AZ31. The reason could be the
addition of Ca stabilized the degradation layer of AZXM alloys, and further inhibit the pit

corrosion. For stent application, less pit corrosion could prevent stent from facture.
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B.3.3 [Invitro and in vivo evaluation of AZXM alloy

Figure B.8(a) shows the ion concentrations of Mg, Al, Zn, and Ca in the extract.
Compared to the cell culture medium, the concentration of Mg increased from ~12 ppm in
BEGM to 1000-1300 ppm in extract. The concentration of Al increased slightly, implying that
most Al incorporated into oxide film on the magnesium alloy surface. Zn concentration increased
in all groups except pure Mg which means that the increase of Mg concentration induce the
deposition of Zn on the samples. For Ca, the pure Mg and AZ31 groups both showed a dramatic
drop of the Ca concentration indicating the reduced solubility of Ca in high magnesium
concentration medium. However, because of the corrosion of AZXM, the amount of Ca released
compensated the deposition of Ca, hence the concentration of Ca in AZXM groups remain

similar level as the cell culture medium.
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Figure B.8. (a) The concentration of metal ions in extract; cell viability of BEAS-2B cultured in extracts with
different dilution ratios. (b) day 1, (c) day 3. (Initial: number of cells initially seeded; control: number of cells after

culture in normal BEGM).
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Figure B.9. (2) Live & dead and (b) DAPI/F-actin staining of BEAS-2B cells after 3 days of culture in 50% extract

of pure Mg, AZ31 and AZXM alloys.

Figure B.8(b, ¢) showed the cytotoxicity results of AZXM alloys performed using BEAS-
2B cells, and the CyQuant assay. The level of cytotoxicity level is evaluated by calculating the
numbers of BEAS-2B cells after culture in different concentration of extracts for 1 day and 3
days. After 1 day of culture, all groups showed higher cell numbers compared to initial cell

numbers seeded (8,000 cells) except for pure Mg and AZ31 75% extract groups. As the extract

168



the diluted from 75% to 10%, the cell number increased for most groups. After 3 days of culture,
cell numbers increased to 10 folds of the cell numbers initially seeded for 50% and 25% extract
groups. It should be noted that, for 75% extract groups, even though the number of BEAS-2B
cells was much lower compare to 10% extract groups, the number of cells still significantly
increased reaching ~11,000 cells for pure Mg and AZ31 groups compared to initial 8,000 cells
seeded. For AZXM alloy groups, much more cells were observed in as-cast and T4 treated
AZXM alloy groups compare to extruded AZXM alloy group, even though the composition of
the extract didn’t show much difference.

Similar trend was observed in indirect live & dead test (Figure B.9(a)). After culture in
50% extract for 3 days, BEAS-2B cells in the control group started to aggregated and showed the
highest cell density. AZXM alloys groups demonstrated comparable live cell density compared
to pure Mg and AZ31 with only few apoptotic cells observed. Figure 9 showed the morphology
of BEAS-2B cells are normal in all groups. Cytoskeletons of BEAS-2B cells after immersion for
3 days in 50% extract is shown in Figure B.9(b). BEAS-2B cells in control groups aggregated
and therefore individual cell morphology is hard to distinguish. BEAS-2B cells in experimental
groups exhibited similar spreading and filopodia extension.

As-cast and T4 treated AZXM alloys showed excellent cytocompatibiliy with human
trachea epithelial cells. Even cultured in high concentration of extract (75%), the cell numbers
still increased after 3 days of cell culture. The more the extract was diluted, the higher cell
proliferated. It worth noticing that for extruded AZXM alloys, the cell proliferation was similar
to control group and lower than as-cast and T4 treated groups. However, the ICP data of key
element of extract showed non-significant difference between different groups, implying that the

concentration of metal ions might not be the only reason affect the cell viability and proliferation,
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other reasons such as the change of the protein in the cell culture medium could also affect the in

vitro cytotoxicity result.

wwst

Figure B.10. (a) Design of prototype AZXM stent, (b) Endoscopy images of stented airway after 4 weeks of
implantation. (c, d, ¢) H&E staining of stented tracheal of 4 weeks of implantation. (S: stent, E: Epithelium and DL:

Degradation layer)

Due to the lack of previous in vivo study on magnesium stent for tracheal stent
application, we only implanted one AZXM prototype stent to evaluate the feasibility of the
concept. The stent was machined based on the design in Figure B.10(a). The endoscopy images
indicated that a whitish gel was formed inside of the trachea as shown in Figure B.10(b).
However, the patency of the airway was maintained throughout the 4 weeks study, and the
rabbits didn’t exhibit any respiratory issues. H&E staining was performed to investigate the

airway tissue response. As shown in Figure B.10(c-¢), the integrity of epithelium was maintained
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along the airway lumen indicating that the existence of AZXM prototype stents didn’t interfere
with the normal function of the tracheal epithelial layer. A thin degradation layer was formed
between the epithelium and the remaining AZXM metal substrate. The normal morphology of
the epithelium layers in the H&E staining images (Figure B.10(d, e)) shows that the degradation

layer was well tolerated by the airway tissue.

B.4 CONCLUSIONS

After partially replacing Al with Ca, AZXM exhibited higher strength compared to AZ31
alloys. Ca is preferentially concentrated in intermetallic phases and grain boundaries forming
second phase that was homogeneously distributed in the magnesium matrix. However, the
corrosion rate of AZXM was not affected by the second phase after extrusion. The extruded
AZXM alloy showed less pitting, higher corrosion resistance and optimized mechanical
properties. In vitro cytotoxicity evaluation using human trachea epithelial cells demonstrated the
excellent cytocompatibility of AZXM alloys compared to pure Mg and AZ31. As-cast and T4
treated AZXM alloys showed the highest cell numbers after 3 days of cell culture. The pilot
implantation of AZXM prototype stents showed the feasibility of the concept. The 4 weeks study
indicated that the AZXM alloy and its degradation product were well tolerated by the airway
tissue. The existence of AZXM stent won’t interfere with the epithelium, the morphology of the
epithelium was normal. Further study should focus on processing AZXM to increase the ductility
and evaluating the prototype device in animal models at longer time point. It can be concluded
that the newly developed AZXM alloy is a strong candidate for biodegradable trachea stent

application.
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