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Abstract

The use of magnesium alloys as degradable metals for biomedical
applications is topic of ongoing research. As a further aspect, the demand for
multifunctional materials is increasing. Hence, binary Mg-Ag alloys were
designed to combine the favourable properties of magnesium with the well-
known antibacterial property of silver. In this study, three Mg-Ag alloys,
Mg2Ag, Mg4Ag and Mg6Ag which contain 1.87%, 3.82% and 6.00% silver by
weight respectively were casted and processed with solution and aging heat
treatment. Afterwards, the samples were investigated in vitro for
metallographic, mechanical, corrosive, cytocompatible and antibacterial
properties.

The metallurgical analysis and phase identification showed that all alloys
contained MgsAg as the dominant second phase. The mechanical properties
of the Mg-Ag alloys were dramatically improved in several parameters
especially after heat treatment. Corrosion tests revealed that after heat
treatment, content of silver reduced the corrosion rate and exhibited less
susceptibility to pitting corrosion than pure magnesium. Mg(OH), and MgO
presented as main magnesium corrosion products while AgCl was found as
the primary silver corrosion product. Immersion tests demonstrated that
content of silver did not significantly shift the pH, osmolality and magnesium
ion release in the environment. Cultivation and cytotoxicity tests with both
primary cells and cell lines revealed that Mg-Ag alloys induce no negative
effect on cells and show minor cytotoxicity. Antibacterial testing in a dynamic
bioreactor system proved the alloys to reduce the viability of two common
pathogenic bacteria, Staphylococcus aureus and Staphylococcus epidermidis.
In summary, biodegradable Mg-Ag alloys are cytocompatible biomaterials with
adjustable mechanical and corrosion properties while having sound
antibacterial ability.
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1. Introduction

1. Introduction

Magnesium based biodegradable alloys are experiencing a renaissance as choice for
implant materials suitable for bone and cardiovascular surgery [1-7]. Implants made
of magnesium alloys provided initially stable materials that could be fully degraded in
vivo, eliminating the need for a second operation for implant removal. Biodegradable
magnesium alloys became popular also due to their outstanding biodegradability [7],
biocompatibility [8-9], and similar mechanical properties compared to bone [2].
However, although lots of effort has been paid for optimizing the performance of
these materials [10-12], their comparably high corrosion rate (especially localized
corrosion rate) is still one of the main obstacles on the way to medical application
[13]. Some attempts such as LAE (lithium/aluminium/rare earth elements) and WE
(yttrium/rare earth elements) magnesium alloys systems improved their corrosion
properties as well as the mechanical properties [14-16], but rare earth elements may
also induce negative effects on cytocompatibility and even cytotoxicity problems [17].
On the other hand, the demand for multifunctional biodegradable materials is urgent,
while approaches to this area are still not sufficient yet [18]. As a result, the idea to
introduce the well-known antibacterial and cytocompatible properties of silver into
magnesium alloy was generated to solve the infection problem during implant
surgery [19] and afterwards, while enhance the alloy’s corrosion and mechanical
performance.

Magnesium has been already used as an biodegradable implant material for more
than 100 years [1, 20], but compared to the history of silver applied as an
antibacterial material it is still a “young” material. Over 2300 years ago, Alexander
the Great used silver vessels to store drinking water for his troops to treat tropical
diseases during the war in India [21]. It revealed silver's strong antimicrobial
properties had been well-known by human even before thousands of years. The
applied formulation of silver kept updated with technology improvement, from bulk
silver, to ionic silver supplemented as silver salts (like AQNO3) or adsorbed on carrier
materials [21-22] and now to nanosized [23] as well as alloyed silver [24]. Silver
keeps high antibacterial reactivity in a wide range of chemical states. Moreover,
recent studies found that silver was even effective to treat some extreme microbes,
such as Methicillin-resistant Staphylococcus aureus (MRSA) and Methicillin-resistant
Staphylococcus epidermidis (MRSE) which are famous as ‘superbugs’ and could not
be treated by most antibiotics [25-26]. Latest progresses on silver coating and alloys
for antibacterial application showed satisfactory results as well [27-29]. Apart from
antibacterial capability, small amount of silver content in alloys or coating were also
reported to improve cytocompatibility and cell viability evidently [30-31]. Silver in any
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form is not thought to be toxic to the immune, cardiovascular, nervous, or
reproductive systems [32] and is not considered to be carcinogenic [33]. This feature
ensures its safety when applied for medical purpose.

The first reported research of manufacturing Mg-Ag alloys could be traced back to
the year 1906 [34], and in the following decades quite a number of studies focused
on this system for electronic and hydrogen storage uses [35-36]. For the past few
years, some attempts of combining elementary silver to magnesium surface by
nanocoating technology also made progress [37]. Different from previous studies, the
present work is the first time to use this binary alloy system in the form of magnesium
rich alloy for medical applications.

In this thesis, the metallurgical microstructure and heat treatment effects of these
three Mg-Ag alloys were analyzed and their mechanical properties were measured
under human body temperature (37.0 °C) in order to compare to pure magnesium.
Corrosion properties of the alloys were evaluated under cell culture conditions by the
mini-cell-system (MCS) [38] and multiple analysis method were employed to reveal
the corrosion product component as well as the ion release. The cytocompatibility
and cytotoxicity was determined via both microscopy and improved cell viability
assay [39]. Antibacterial testing was carried out using an innovative dynamic
bioreactor with mixed bacteria flow and in situ microscopy [40] to ensure credible
results. Based on these results, the feasibility of these originally designed alloys as
antibacterial biodegradable materials was evaluated all sidedly.
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2. State of the art

2. State of the art

2.1. Infections induced by implant materials

2.1.1. Medical and economic consequences

Medical and economic consequences are always induced by infections associated
with a variety of surgical implants. Ca. 2 million nosocomial infections cost nearly
$ 11 billion in the USA every year [41]. Exposure to invasive medical devices was
reported one of the most risky factors [42]. Devices predispose to infection by
damaging or invading epithelial or mucosal barriers, or by supporting growth of
microorganisms therefore serving as reservoirs. Implant medical devices may even
disturb host defense mechanisms, and directly infect patients when contaminated.
Resistant infection, chronic inflammations or tissue necrosis thus are the result of
these deficiencies, which are the major obstacle inhibiting the extended use of
implant devices [43].

Peri-implant infection was defined to describe an inflammatory process impacting the
tissues around an osseointegrated implant in function, resulting in loss of supporting
bone, while peri-implant mucositis was defined as reversible inflammatory changes of
the peri-implant soft tissues without any bone loss [44]. The prevalence rate of peri-
implant infections has been reported in the range of 8% to 44% [45-47], while
frequency of mucositis has been reported between the range of 1% - 19% [46, 48].
Differences in defining the two entities are thought to be the reason why the wide
ranges for the frequencies were found. The frequency of peri-implantitis (peri-implant
infection by dental implants) is most likely related to how long implants have been
worn. As dental implant treatment was introduced comparatively recently, the
numbers will probably increase over the years.

Huge clinical and economic consequences are induced by peri-implant infections
(Table 1). [49] Mortality attributable to peri-implant infections is highest among
patients with cardiovascular implants, particularly prosthetic heart valves and aortic
grafts. Besides, infections associated with orthopedic devices and ventricular shunts
often result in serious disabilities. Although infections of mammary and penile
implants are seldom life-threatening, they can still cause major disfigurement and
psychological trauma. The nature and the number of stages of surgical intervention
depend on the type of implant. In most of cases, the cost of an implant itself usually
constitutes only a small fraction of the overall cost of treating implant-associated
infections.

Tie, Di: Antibacterial Mg-Ag Biodegradable Alloys 5
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2. State of the art I ——

2.1.2. General principles of treatment

The surgical implant might be affected by some postoperative wound infections [50].
However, bacterial colonization brought by surgical implants does not necessarily
indicate infection all the time. Actually, most colonized implants do not become
infected. The solid proof of implant associated infection requires the presence of
clinical manifestations, intraoperative signs of infection adjacent to the implant, and
the growth of pathogens in cultures of surgical specimens. To get rid of the need to
operate on a patient who may not suffer an implant-associated infection, one can
perform certain microbiologic and imaging studies which are implant-specific.
Although bacteria is the sign of prosthetic valve endocarditis and some infections
associated with vascular grafts, blood cultures do give positive results in most cases
of infection associated with pacemaker - defibrillator systems (unless endocarditis is
present), ventricular assist devices, mammary implants, ventricular shunts,
orthopedic devices, and penile implants [49].

The core factor in the evolution and persistence of infection is the generation of
biofilm around implanted devices [51]. Short after insertion, a conditioning layer
composed of host-derived adhesins (including fibrinogen, fibronectin, and collagen)
covers the surface of the implant and invites the adherence of free-floating
(planktonic) organisms. After this process, bacterial cell division, recruitment of
additional planktonic organisms, and secretion of bacterial products (such as the
glycocalyx) occur [44].

A structure model of biofilm finally evolves that contains complex communities of
tightly attached (sessile) bacteria [52]. The bacteria in that study displayed cell-to-cell
signaling and exist within a polymer matrix containing fluid channels that allow for the
flow of nutrients and waste. Possible explanations for the restrained susceptibility of
biofilm-embedded organisms to antibiotic agents, as compared with their free-floating
counterparts, include a lower bacterial growth rate within the biofilm, inhibition of
antimicrobial activity by biofilm substances, and poor penetration of the biofilm by
antibiotics.

There are several important clinical objectives in treating infections caused by
surgical implants. These are to cure the infection, prevent its recurrence, protect
body function, and reduce the risk of death. Commonly, these objectives can be
achieved with both antibiotic therapy and surgical intervention. At least two thirds of
infections are caused by either Staphylococcus aureus or coagulase-negative
staphylococci. Methicillin-resistant staphylococci are variably susceptible to older
antibiotics  (doxycycline, trimethoprim - sulfamethoxazole, quinolones, and
clindamycin), and they are almost universally sensitive to the newer agent linezolid,
but the clinical efficacy of these drugs for the treatment of peri-implant infections has
not been prospectively compared with the efficacy of vancomycin.

1311 Helmholtz-Zentrum
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2. State of the art

Table 1. Clinical and Economic Consequences of Infections Associated with Surgical
Implants. * [49]

Average
Projected Cost of
Implants & Average  Preferred  combined
Infections . .
|nserted Rate Of Pl’actlce Of Med|ca|
Implant in the U.S. of Infection Surgical and
Implants
Annually AnFr)luaII Replacem  gyrgical
y (%) ent Treatment
(US$)
Cardiovascular
Mechanical heart
85,000 3,400 4 1 50,000
valve
Vascular graft 450,000 16,000 4 1or2 40,000
Pacemaker - 4 2
o 300,000 12,000 35,000
defibrillator
Ventricular assist
trieriarassis 700 280 40 1 50,000
device
Orthopedic
Joint prosthesis 600,000 12,000 2 2 30,000
Fracture-fixati
racture-tixation 2,000,000 100,000 5 10r2 15,000
device
Neurosurgical -
) g 40,000 2,400 6 2 50,000
ventricular shunt
Plastic - mammar
. ) y 130,000 2,600 2 2 20,000
implant (pair)
Urologic - inflatable
gic -t 15,000 450 3 2 35,000

penile implant

* The information is from published studies [53-57], market reports, and data provided by medical and
surgical organizations, physicians, and device-manufacturing companies. The average costs reflect the
usual charges by private institutions (taking into consideration that portions of the antibiotic courses,
particularly prolonged courses, are sometimes administered in an outpatient setting) and exclude loss of
income because of infection.

Surgical removal is the primary treatment to most implants which are infected by S.
aureus or candid. Patients with an established response to medical therapy for a

Tie, Di: Antibacterial Mg-Ag Biodegradable Alloys 7

e e



2. State of the art I ——

peri-implant infection caused by the less virulent coagulase-negative staphylococci
may not require surgery to remove the implant. If a treatment plan is made to remove
the infected implant, complete extraction of all components is essential, if surgically
feasible, regardless of the type of infecting organism. Although surgical removal of
the infected implant is generally associated with a better outcome than is retention of
the infected implant, medical treatment alone may be still more warranted in patients
who are at high risk for intraoperative or postoperative complications [49].

2.1.3. Current approaches

Increased tolerance to the normal antibiotic therapies was observed for bacteria
sequestered in biofilms. Although the mechanism of this resistance is ongoing
studied, current hypotheses on the subject include the heterogeneity of biofilm-
encased bacteria and the decreased diffusion of antibiotics due to interactions with
the exopolysaccharide matrix [51, 58-59]. Currently, the only proved treatment for
biofilm infections is removing the implant, fighting the infection with antibiotics, and
replacing the implant, a costly and stressful procedure.

2.1.3.1. Animal studies

During the 1990s, interest in methods for the improved treatment of peri-implant
infections emerged. An increasing number of animal studies and reports on clinical
outcomes in patients have been published [44]. Although some studies were
restrained to measurements of the amount of new bone at a surgical re-entry [60],
biopsy with histological examination was most often applied to determine the amount
of new bone and the degree of re-osseointegration. The methods for these
determinations varied among the studies. What seems to be the most adequate
method, measurement of the height of new bone adjacent to the implant was utilized
in some of the studies (not separated by a connective tissue capsule) [61]. Other
studies measured the growth rate of new bone to the most coronal bone crest
(including bone separated from implant by a connective tissue capsule) [62].

Some studies showed mechanical cleaning using abrasive air-powder appeared to
offer adequate detoxification to allow for new bone formation in direct contact with the
implant surface. On the other hand, more recent results by Persson et al. [61]
suggest that cotton pellets and saline may be adequate for the treatment of rough
implant surfaces. They speculated that re-osseointegration may not only be a matter
of detoxification of the implant material surface but also a matter of capability of the
treated surface to provide adhesion and stability of the coagulum during the initial
stage of healing process. Some other studies make use of systemic antibiotics to
treat infections, among which postoperative systemic antibiotics were used in the
majority of the available studies, and metronidazole or amoxicillin + metronidazole
was the most common choice. The value of systemic antibiotics is difficult to be
assessed, since there are few studies comparing results versus their nonuse.

1311 Helmholtz-Zentrum
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2. State of the art

Different surgical techniques were also evaluated, and the majority of these attempts
made use of primary flap closure and postoperative submerging of the treated defect
and implant. However, few of these studies successfully showed convincing evidence
that the submerged technique is superior. Findings by Machado et al.[63], and Nociti
et al. [60] indicate some adjunctive side effects. Application of bioactive glass
supplementing the surgical debridement was reported created a number of three-wall
defects, while adjunctive effects were observed [64]. PTFE barrier membranes to
supplement the surgical curettage was utilized with submerged closure by Machado
and Nociti [60]. Most of these studies found the use of PTFE membranes gave
improved treating effects, in spite of the fact that postoperative exposure of the
membranes seems to be a frequent complication. Moreover, biodegradable collagen
membranes provided comparable bone fill to PTFE membranes as assessed at
surgical re-entry [60].

2.1.3.2. Human studies

Compared to animal studies, treatment of peri-implant infections using open
debridement was widely applied method for human studies. Osteoplasty and apical
flap positioning were used and soft tissue healing effect was observed. Behneke et al.
[65] reported a couple of cases treated with autogenous bone grafts and with
observation intervals extending up to 3 years. Notable reductions of probing depths
coupled with significant radiographic bone fill were reported as well [65]. The use of
grafts of demineralized freeze-dried allogenic bone, bovine anorganic bone or
hydroxyapatite may also lead to improved clinical conditions. However, only a limited
number of cases for each of the different graft materials were reported. Methods for
implant debridement / detoxification varied among the human studies, as did the use
of systemic antibiotics. Based on the case reports available, it can be drawn that
treatment of peri-implant infections with autogenous bone grafts / bone graft
substitutes may lead to fill of the defects and improved soft tissue conditions. Apart
from the presented cases, some failures have been also reported. Furthermore, one
comparative study evaluating the use of autogenous bone grafts with and without the
application of barrier membranes was reported [66].

Similar to animal studies, another choice for human studies is treatment of peri-
implant infections using barrier membranes. PTFE membranes were used the most
common whilst a few groups used submerged approaches such as primary closure
of the surgical flaps. Methods for implant debridement / detoxification varied among
the studies, but systemic antibiotics were used in most cases. Early membrane
exposure was a common complication and may lead to treatment failure. Aughtun et
al. [67] reported the treatment outcome of 15 lesions in 12 patients. Some
radiographic bone loss was observed using orthopantomograms averagely, while
only minor improvements of soft tissue conditions were certified. Membrane
exposures happened after 4 - 6 weeks in 13 of the 15 treated sites in this study. It
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2. State of the art I ——

can be concluded that treatment of peri-implant infections with PTFE membranes
may lead to bone fill of the defects and achieve better soft tissue conditions.

2.1.4. Summary

The majority of current studies was based on the short-term peri-implant treatment
and included a few cases only, so the case reports can just be useful to indicate the
potential of different therapies. Thus, the available studies demonstrate that efforts to
reduce the submucosal infection may result in improvements of peri-implant lesions,
at least on a short-term basis. These case reports also reveal that regenerative
procedures in intrabony peri-implant defects may lead to the formation of new bone.
A 3-year follow-up case of 10 out of 25 implants treated with autogenous bone
suggests that the stability of these initial improvements can be maintained [65].
Khoury & Buchmann reported the stability of average treatment results over 3 years
following autogenous bone grafting with or without placement of barrier membranes
treating a total of 41 implants., and also proved the lasting improvement [66].

Many studies provided suggestive strategies for the treatment of peri-implant
infections. However, due to the lack of controlled or comparative long-term research,
these recommendations have to be recognized as empirical. Several uncertainties
remain about the treatment plans of peri-implant infections: the relative importance of
mechanical debridement, use of topical antimicrobials and systemic antibiotics during
closed debridement has not revealed yet; the benefits of open pocket reduction and
debridement are uncertain; methods for effective detoxification of various types of
implant surfaces need to be standardized. However, the most efficient regenerative
procedure has not been identified. There seems to be no report in human studies in
which histologic examination addresses the issue of the confirmed potential for re-
osseointegration to a previously contaminated implant surface. Limited knowledge
was obtained as to what extent initial improvements are sustained over the long-term
treatment and if further loss of implant-supporting bone could be prevented.

It might not be realistic to expect increasing number of comparative studies on
methods for the treatment of peri-implant infections in the near future. In lieu of this,
the long-term monitoring of consecutively treated cases based on a given approach
should be therefore encouraged, since this may assist in constructing the
predictability, magnitude and stability of improvements that can be obtained relying
on current studies [44].

2.2. Silver’'s medical application and its effects on health

Silver naturally occurred in most of areas of the earth while it is a rare element. It is
quite ductile and malleable, and slightly harder than gold. Pure silver has the highest
electrical and thermal conductivity among all metals whilst has the lowest contact

i+11 Helmhaltz-Zentrum
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2. State of the art

resistance [68]. Due to these properties, silver has been used in a wide variety of
applications in human history. Ancient civilizations were already aware of silver’s
bactericidal properties [69]. Metallic silver was commonly used for surgical prosthesis
and splints, fungicides, and coinage, while soluble silver compounds, like silver salts,
have been used in treating mental iliness, epilepsy, nicotine addiction, gastroenteritis,
and infectious diseases, including syphilis and gonorrhea for hundreds of years [70-
71].

Table 2 lists some of the current important uses of silver metal and silver compounds
[32, 68, 72-73]. The photosensitive properties of silver halides is widely utilized the
photographic industry [32]. Moreover, the widest and most well-known application of
silver in medical area is in combination with sulfadiazine, where it becomes a popular
topical antibacterial drug for the treatment of burns [74]. Colloidal silver proteins were
commonly used to treat colds [75] and are after a couple of years gaining interest as
a dietary supplement to deal with many diseases [70].

There are several facets impacting the capability of a metal's toxic effects on the
body: the solubility of the metal or alloy; the ability of the agent to bind to biological
targets; and the level to which the agent complexes generated are sequestered or
metabolized and excreted [76]. Toxic effects are defined as an undesirable or
adverse health effect [77]. Existing researches seem to show that some forms of
silver have higher toxic effects than others [69, 78-79]. Viewed from the apparently
different toxicities that soluble and insoluble kinds of silver compound have on the
body, the following contents will focus on occurrence of adverse health outcomes
related with silver, in which cases of occupational exposure is mainly discussed [71].

2.2.1. Toxicity of silver

Silver may get into the body via various routes of entry because of its wide variety of
applications. Direct ingestion is one of the dominant routes of entry for colloidal silver
proteins and silver compounds. In occupational settings, inhalation of dusts or fumes
mixed with silver compounds is the main exposure way [32]. Skin contact primarily
happened in occupational settings [32], from the medical application of burn creams
and from direct contact with silver containing jewelry. Silver can also acquire entry
into human body through the utilization of acupuncture needles (in Chinese medical
treatment), catheters, dental fixture equipment, and accidental puncture wounds [80].

Soluble silver compounds are far more easily absorbed than metallic or insoluble
silver chemicals [73] and therefore have the highest potential to generate adverse
effects on human health [76, 81]. Some acute symptoms caused by over-exposure to
silver nitrate can decrease blood pressure, diarrhea, stomach functions and
respiration. Chronic symptoms induced by prolonged treatment with small doses of
silver salts are fatty degeneration in the liver and kidneys and changes in plasma and
blood cells [82]. Compared with common treatment, long-term inhalation or ingestion
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2. State of the art I ——

with soluble silver compounds or colloidal silver products may therefore cause
argyrosis and / or argyria [68, 70, 75]. Soluble silver chemicals are also capable for
accumulating in small amounts especially in the brain and in muscle [75]. However,
silver in any form is not thought to be cytotoxic to the immune, cardiovascular,
nervous, or reproductive systems [32] and is not considered to be carcinogenic
neither [33].

Table 2. Current industrial applications of silver metal and silver compounds. [71]

Silver compounds Silver and silver alloys
Photography Jewelry
Batteries Silverware
Bactericide Electronic components
Catalysts Heat sink
Medicinals Solders
Lubrication Brazing alloys
Cloud seeding Superconductors
Window coatings Bactericide
Mirrors Dental amalgams
Flower preservative Bearings
Electroplating Coinage/medals

Sanitation of:
Swimming pools
Hot tubs/spas
Drinking water

Cosmetics

The development of a characteristic and irreversible pigmentation of the skin (argyria)
and / or the eyes (argyrosis) seems to be the most common health effects related
with long-term exposure to silver according to current studies. The affected area
usually turns bluish-gray or ash gray and the situation could be more severe in areas
of the body exposed to sunlight [32, 70]. Argyria and argyrosis have been observed
after implantation of silver-containing solid materials into the skin or body [83].
Argyria and argyrosis are also common in inhalation in occupational settings [81], the
application of colloidal silver and silver-containing drugs [70, 75], smoking deterrents
[84], some dental materials [85], and silver solder [86].
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2. State of the art

According to the method of entry, argyria and argyrosis could be classified as either
localized or generalized [87]. Localized argyria is primarily caused by direct external
contact with silver chemicals. Very small-sized silver particles could enter the human
body through the exocrine sweat glands or through punctures [88]. These deposits of
silver which remain in the skin indefinitely [89] are light brown to dark blue in color
and look like small round or oval patches [80]. The most commonly affected tissues
are hands, eyes, and mucous membranes [79]. Localized argyrosis may develop
over time if fine particles of silver are rubbed into the eyes (i.e. in occupational
settings) [79]. Localized argyria can also occur following the application of silver
compounds to wounds especially in burn treatment [90].

Generalized argyria may occur when silver compounds are applied to mucosal
surfaces, inhaled, ingested, or injected into the body, and is recognized by a
widespread pigmentation of the skin, eyes, and nails [91]. After the entry to the body,
it is absorbed and carried by the bloodstream and deposited in various tissues
throughout the body. Tissue or organs of the body most likely to suffer pigmenting
include eyes, internal organs, and sun-exposed areas such as the face, ears,
forearms, hands, and nails [92]. Generalized argyria was most often reported
occurring after the ingestion or application of silver-containing drugs, and it has also
been reported following occupational exposure among silver nitrate makers [81].

Both upper (nose and throat) and lower (chest) respiratory tract irritation have been
reported by inhalation of soluble silver compounds [81], although irritation is most
likely induced by the corrosive effect of nitrate in some silver compounds rather than
by silver element itself [81]. Staining of alveoli and bronchial tissue may occur after
inhaling silver dust or fumes, but this is proved not harmful to health [93]. However,
emphysema, bronchitis and a reduction in pulmonary volume was reported in the
operator of silver polishers when exposed to metallic silver, as well as to other metals
[81].

2.2.2. Accumulation and metabolism

Natural concentrations of silver in human tissues are only trace amount, and If there
is overexposure, silver can primarily accumulate in the skin, liver, kidneys, corneas,
gingiva, mucous membranes, nails and spleen [81, 94]. Silver ions possess a high
affinity to the thiol groups in the liver [95] and have been shown to bind to reduced
concentration of glutathione and to be transported into the bile, thus exhausting the
amount of reduced glutathione awaiting for biochemical pathways. The reduced
glutathione should play an important role in maintaining proper structure and function
of red blood cells, as well as eliminating organic peroxides [95]. Although silver is
found to accumulate in some organs and tissues, there are limited data available that
indicate its possible toxic effects. Venugopal and Luckey [82] reported that argyria
can be considered a mechanism for detoxifying silver by storing it in the tissues by
the means of harmless chemicals, such as silver-protein complexes and silver sulfide.
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Ingested elemental silver by human are estimated to be intaked by the body at a
level of at 10% to the maximum, whilst with only 2 - 4% being retained in tissues [96-
97]. Silver concentration can be measured in urine, blood, and feces. Even though
the body eliminates most of silver by feces [96], it can be accurately measured in
whole blood [98] and is, therefore, many biological medium of choice due to
collection convenience. Urine alysis is useful only for a high degree of silver
exposure because there is little silver excreted via the urine [92].

Many researchers attribute the pigmentation process associated with generalized
argyria solely to soluble silver compounds [69, 78-79, 93] because metallic silver and
insoluble silver compounds are not readily taken up by the body [79, 99]. It is thought
that when the body absorbs silver compounds, they form complexes primarily with
proteins, but also with RNA and DNA, by binding to sulfhydryl, amino, carboxyl,
phosphate and imidazole groups [32, 75].

Triggering process of the photo-reduction of these compounds to form metallic silver
commonly catalyzed by light, similar to the process involved when developing a
negative in photography [70]. Metallic silver is subsequently oxidized by tissue and is
bound as silver sulfide [70]. Black silver sulfide and silver selenide complexes bound
to tissue were identified as comprising the silver particles deposited in many
individuals with argyria [80]. These compounds may then stimulate increased
melanin production, especially in sun-exposed areas, which leads to pigmentation
[75, 87-88]. The pigmentation resulting from silver deposition is irreversible. Some
studies showed chelation therapy and dermabrasion are ineffective in removing silver
deposits out of the body [75, 89].

2.2.3. Exposure limit to human

The Mine Safety and Health Administration (MSHA) and the Occupational Safety and
Health Administration (OSHA) currently enforce a Permissible Exposure Limit (PEL)
of 0.01 mg + m™ for metallic and soluble silver compounds [100-101]. NIOSH (The
National Institute for Occupational Safety and Health) established a Recommended
Exposure Limit (REL) of 0.01 mg * m™ for both soluble silver compounds and silver

metal dust, which does not differ from the OSHA PEL [102].

The American Conference of Governmental Industrial Hygienists (ACGIH)
established a Threshold Limit Value (TLV) of 0.01 mg * m™ for all chemical status of
silver [103] in 1966, largely based on Hill and Pillsbury’s publication [69]. However, in
response to findings from studies undertaken since Hill and Pillsbury’s work, ACGIH

set a new TLV of mg * m™ for metallic silver in 1980. ACGIH recognized the different
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outcomes from exposure to soluble and/or insoluble silver, rationalizing that ‘the
available data on soluble compounds of silver demonstrate that silver salts have a
greater propensity to cause argyria than does the dust or fume of metallic silver and

that the respective exposure levels of 0.01 mg « m™, for soluble silver, and 0.1
mg » m>, for metallic silver, are adequate to prevent argyria in workers exposed to

airborne silver [103].

Argentina, Bulgaria, Columbia, Jordan, Korea, New Zealand, Singapore and Vietnam

recognize the ACGIH TLV of 0.1 mg * m™ for silver metal, while Austria, Denmark,
Germany, Japan, The Netherlands, Norway, and Switzerland recognize 0.01 mg « m’

% as the occupational exposure limit for all forms [101].

2.2.4. Summary

A number of arguments may raise for the need to differentiate occupational exposure
limits based on the different forms of silver. Some studies indicated insoluble silver
levels have been tolerated without any health effects at levels 10-100 times higher
than OSHA’s current PEL of 0.01 mg * m™, as well as ACGIH’s TLV of 0.1 mg * m™
[78-79]. Many of these studies have recommended that occupational exposure levels
to insoluble and metallic silver be reconsidered and that the standards for metallic
and insoluble silver be established without any consideration of the toxicity of soluble

silver compounds [73, 76, 79].

More emphasis on safety and health, and better engineering controls, future cases of
occupational argyria or argyrosis will be extremely rare because of improved
technology,. Actually, the number of argyria cases due to overexposure to silver by
direct contact is quite few, since silver has been in use for thousands of years as a
natural antibiotic. The low toxicity and good compatibility assures silver’s safety when
utilized under controllable dose in biomaterials. These standards of exposure limits to

silver also give suggestive dose for the following in-vitro research.

2.3. Silver containing antibacterial materials

The ionized silver(Ag®) is bioactive and readily kills bacteria in vitro in sufficient
concentration. Silver also Kkills bacteria in external wounds in living tissue, so
physicians use wound dressings containing silver sulfadiazine (Ag-SD) or silver

nanomaterials to treat external infections [19, 104]. Wound dressings containing
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silver are increasing in importance due to the recent increase of antibiotic-resistant

bacteria, such as MRSA [105]. The disinfectant properties of silver are used in
medical applications, such as urinary catheters and endotracheal breathing tubes
[106]. Silver is also used in bone prostheses, reconstructive orthopaedic surgery and
cardiac devices, as well as on surfaces and fabrics to reduce the spread of infection
[107-108].

2.3.1. History of silver’'s medical application

In 327 B.C. Alexander the great was on his way to conquer India. Suddenly the great
army was struck by an outbreak if a mysterious gastrointestinal diseases. Alexander
was forced to retreat. Commanders suffered less frequently compared to the soldiers.
Commanders used silver cups whereas soldiers used tin cups which were evidence
of the fact that it was healthier to store as well as drink water in silver vessels. It was

then that people began to realize the use of the noble metal — ‘Silver’ [21].

Since the 1990s, "colloidal silver", a liquid suspension of microscopic silver particles,
has been marketed as an alternative medicine, often claiming impressive "cure-all"
qualities. The effectiveness of these products has never been scientifically proven,
and in some jurisdictions, it is currently illegal to include such claims in product
advertisements. Medical authorities and publications advise against the ingestion of
colloidal silver preparations, because of their lack of proven effectiveness and
because of the risk of adverse side effects, such as argyria [109]. Historically,

colloidal silver was also used as an internal medication to treat a variety of diseases.

2.3.2. Principles of silver’s antibacterial action

Silver ions are highly bio-active and can penetrate bacterial membranes rapidly. They
interact with enzymes and other proteins in bacteria, causing cellular distortion and
loss of viability. Furthermore silver ions interact with the bacterial cell wall and bind to
bacterial DNA and RNA causing an inhibition of bacterial replication (Fig. 1). Clinical
studies clearly demonstrate that silver provides a significant inhibition of a wide range

of germs.

Metallic silver is relatively unreactive however, when exposed to aqueous
environments some ionic silver (Ag®) is released. Certain salts (eg silver nitrate) are
readily soluble in water and have been exploited as antiseptic agents for many
decades [110]. The generation of silver ions can also be achieved through ion
exchange using complexes of silver with other inorganic materials (eg silver - zeolite

complexes; [111]). Silver ions interact with a number of components of bacterial,
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protozoal and fungal cells. Toxicity to microbial cells is exhibited at very low
concentrations with masses being associated with bactericidal activity [112]. The
kinetics vary depending on the source of silver ions with silver derived from ion
exchange processes demonstrating delayed activity compared with that derived from
soluble salts [113]. Activity appears to increase with temperature and pH [113].
Studies have demonstrated that silver ions interact with sulfydryl (-SH) groups of
proteins as well as the bases of DNA leading either to the inhibition of respiratory
processes or DNA unwinding [114]. Inhibition of cell division and damage to bacterial
cell envelopes is also recorded [115] and interaction with hydrogen bonding

processes has been demonstrated to occur [116].

-

Fig. 1. Principles of silver ion’s antibacterial action. [117]

Silver ions clearly do not possess a single mode of action. They interact with a wide
range of molecular processes within microorganisms resulting in a range of effects
from inhibition of growth, loss of infectivity to cell death. The mechanism depends on
both the concentration of silver ions present and the sensitivity of the microbial
species to silver. Contact time, temperature, pH and the presence of free water all
impact on both the rate and extent of antimicrobial activity. However, the spectrum of
activity is very wide and the development of resistance relatively low, especially in

clinical situations [118].

2.3.3. Silver containing antimicrobial agents

2.3.3.1. Metallic and ionized silver

The use of metallic silver as an antimicrobial agent has long been recognized [119].

Dilute solutions of silver nitrate had been used since the 19th century to treat
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infections and burns before the introduction of silver sulphadiazine cream [120]. Of

the commonly used forms of topical silver applications, silver-coated dressings have
been demonstrated to be effective at killing a broader range of bacteria than the
cream base, were less irritating than the silver nitrate solution and were better
tolerated [121]. Silver-coated dressings are used extensively for wound management,
particularly in burn wounds [122], chronic leg ulcers [123], diabetic wounds [124] and
traumatic injuries. These dressings vary in containing compounds of silver nitrate or
sulphadiazine, to sustained silver-ion release preparation [125] and silver-based
crystalline nanoparticles [126]. The dressing component also varies, as nylon, mesh,
hydrocolloid or methylcellulose. A range of silver-impregnated dressings are now
commercially available for use. However, there has been little comparative analysis
as to the ‘antimicrobial’ effect of each of the dressings and the spectrum of bacterial

killing that each dressing provides.

Silver has the advantage of having broad antimicrobial activities against Gram-
negative and Gram-positive bacteria and there is also minimal development of
bacterial resistance. The use of these compounds and the mechanisms of silver
resistance have been reviewed [127]. One major advantage of its use is the limited
side effects of topical silver therapy; silver toxicity or argyrosis can be resolved with
cessation of therapy [110]. The incorporation of silver for topical dressings or as
coating on medical products may therefore play an important role in the era of

antibiotic resistance.

Although silver containing antibacterial agents like colloidal silver products are legally
available at health food stores in the United States and Australia and are marketed
over the Internet as a dietary supplement, it is illegal in the U.S. and Australia for
marketers to make claims of medical effectiveness for colloidal silver. Ingestion of

colloidal silver may result in argyria. [128-129]

Apart from its antibacterial reactivity, silver was also found to increase material
biocompatibility as well according to Jendrik Hardes’ [30] and M. Bosetti’'s [31]
studies. Bosetti studied in vitro biocompatibility of silver-coated stainless steel
external fixation pins. Silver coated steel presented better cellular compatibility than
naked steel, which was widely applied in implant surgery Fig. 2. Jendrik Hardes'’s
study also confirm the fact that silver at low concentrations is not cytotoxic for
osteoblast cells in vitro [30] Both cells’ survival rate and rate of extension were

significantly higher on silver coated material than uncoated alloys.
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Fig. 2. Acridine orange staining of human trabecular osteoblast-like cells cultured on the
surface of coated and uncoated materials at 4 days proliferation. Fluorescence micrographs of
(cells are in white color while dark background is material): (2) cells on silver coated material
at 100x magnification; (b) cells on silver coated material at 400x magnification; (c) cells on
uncoated stainless steel at 100x magnification; (d) cells on uncoated stainless steel at 400x

magnification. [31]

2.3.3.2. Nano-silver

Nano-silver has biological properties which are significant for consumer products,
food technology (e.g., food processing equipment, packaging materials, food
storage), textiles/fabrics (e.g., antimicrobial clothing), and medical applications (e.qg.,
wound care products, implantable medical devices). In addition, nano-silver has
unique optical and physical properties that are not present in bulk silver, and which
are claimed to have great potential for medical applications (e.g., diagnostics, drug

delivery, and imaging).

Nano-silver is an effective killing agent against a broad spectrum of Gramnegative
and Gram-positive bacteria [130], including antibiotic-resistant strains [121, 131].

Gram-negative bacteria include genera such as Acinetobacter, Escherichia,
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Pseudomonas, Salmonella, and Vibrio. Acinetobacter species are associated with
nosocomial infections, i.e., infections which are the result of treatment in a hospital or
a healthcare service unit, but secondary to the patient’s original condition. Gram-
positive bacteria include many well-known genera such as Bacillus, Clostridium,
Enterococcus, Listeria, Staphylococcus, and Streptococcus. Antibiotic-resistant
bacteria include strains such as methicillin-resistant and vancomycin-resistant
Staphylococcus aureus, and Enterococcus faecium. Recently, it has been shown that
silver nanoparticles (diameter 5 - 32 nm, average diameter 22.5 nm) enhance the
antibacterial activity of various antibiotics [132]. The antibacterial activities of
penicillin G, amoxicillin, erythromycin, clindamycin, and vancomycin against
Staphylococcus aureus and Escherichia coli were increased in the presence of silver

nanoparticles.

2.4. Mg based biodegradable alloys

2.4.1. History

Compare with the long history of application of silver as antibiotics, the history of
biodegradable magnesium implants only started shortly after the discovery of
elemental magnesium by Sir Humphrey Davy in 1808 [133]. His assistant, Michael
Faraday, enabled the production of Mg metal by electrolysis of fused anhydrous
MgCI2 in 1833 [133]. The commercial production of Mg by electrolysis was realized
by Robert Bunsen, who created a small laboratory cell for the electrolysis of fused
MgCI2 in 1852 [133]. These initial Mg products were presented at the world exhibition
in London in 1862 [133]. It is most likely that the physician Edward C. Huse used
some of those Mg wires as ligatures to stop bleeding vessels of three human patients
in 1878 [134]. He already observed that the corrosion of Mg was slower in vivo and
that the time period until complete degradation was dependent on the size of the Mg
wire used [134]..

The most influential pioneer was the physician Erwin Payr from Graz, Austria whose
versatile clinical applications and reports inspired many other clinicians to advance
the field of biodegradable magnesium implants to various surgical areas (Fig. 3). He
started his first experiments on Mg resorption in 1892 [135], but his main problem at
that time was to get filigree fabricated devices made of Mg for his studies [135-136].
Around 1900, Payr already proposed that tissue oxygen and water content, carbon

dioxide, the dissolved salts in blood and the chemical processes in cells were mainly
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responsible for the corrosion of Mg in vivo [135-136]. Albin Lambotte was also an
early clinical investigator of biodegradable Mg and the mentor of his assistant Jean
Verbrugge, who continued and extended the animal experiments and clinical studies
[137-138].

g

Fig. 3. Tubal magnesium connectors designed by Payr for vessel anastomosis [135]. Method
(A) used an extravasal magnesium ring, which ensures an open postoperative anastomosis.
Method (B) uses a two-part extravasal connector with a male and female part. In both
methods the magnesium connector is extravasal and the anastomosis is achieved by a

duplication of the intima. Thus, no foreign material is located intravasal after the anastomosis.

Troitskii and Tsitrin, in 1944, reported on 34 cases where magnesium, alloyed with
small levels of cadmium, was fashioned into plates and screws and used to secure
various fractures [139]. Of the 34 cases, 9 were unsuccessful; these failures were
attributed to infection, or difficulties arising with the mounting of a plaster cast, which
presumably did not allow for treatment of gas cysts [139]. In all patients, no increase
in serum levels of magnesium was observed. No distinct inflammatory reactions to
the implant were observed [139]. The material is reported to have stimulated the
development of a hard callous at the fracture site [139]. Hydrogen gas was given off

in the corrosion process,
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McBride reported on the use of screws, pegs, plates and bands prepared from

magnesium - aluminum - manganese alloys to secure 20 fractures and bone grafts
[20]. Consistent with other reports, no systemic reactions to the use of magnesium
alloys or inflammatory reactions adjacent to the implant are observed [20]. While no
effect on the cancellous bone tissues is observed, a positive effect on the periosteal
tissue and deposits of the osseous callous are reported [20]. These early examples
imply that magnesium-based materials are non-toxic and may actually stimulate bone
tissue healing. However, the rate of corrosion of pure magnesium, or these simple
alloys, occurs at a rate that is too high to allow a satisfactory time for recovering of
tissue as it is desirable to have the implanted fixture can stand for at least 84 days
[140].

2.4.2. Current studied magnesium alloys

The most currently investigated magnesium alloys as implant materials are
commercial alloys which have been developed for transportation industry [141]. The
designation system of magnesium alloys is generally following the nomenclature of
the American Society for Testing and Materials (ASTM) [142] and uses a typical
letter-figure combination. The magnesium alloys can be divided into three major
groups: pure magnesium (Mg) with traces of other elements, aluminium (Al)
containing alloys and those alloys which are free of Al [8, 140, 143]. Typical Al
containing magnesium alloys are AZ91, AZ31, AE21, calcium (Ca) modified AZ
alloys, and LAE442. AZ31 and AZ91 have been used over decades in technical
applications [141, 144].

There are several typical Al-free magnesium alloy systems, WE, MZ, WZ, and Mg -
Ca alloys. The magnesium alloy WE43 has been developed to improve creep
resistance and high temperature stability [141, 144]. This alloy contains yttrium (Y),
zirconium (Zr) and RE respectively. Manganese - zinc (MZ) alloys have comparable
properties to the alloying system ZM, which is a known system for wrought
applications in the transportation industry [141, 144]. However, almost none of the
above mentioned alloys have been originally developed to be a biodegradable
implant material. Due to the complex alloy composition it is not certain, if the
observed in vivo degradation can be truly connected to a chemical element, an

intermetallic compound or a microstructural effect based on the processing route [2].
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2.4.3. Mg alloy’s corrosion and research methods

A increasing number of studies have been carried out to investigate the corrosion
behaviour of magnesium alloys in artificial physiological fluids and most of them are
Al containing Mg alloys [145]. Most alloying elements will dissolve into the human
body during the magnesium alloy degradation, for example, when the AZ91D
magnesium alloy is used, the Al present in the alloy would get into the human body,
which might be hazardous, from the health point of view. The magnesium alloy
implants are expected not to degrade until the healing is completed and tissue
growth has occurred. However it is unfortunate to observe that magnesium and its
alloys corrode too quickly at the physiological pH of 7.2 to 7.4 as well as in
physiological media containing high concentrations of aggressive ions, thereby
loosing mechanical integrity before the tissues have sufficient time to heal [69][8].
Various methods such as alkali heat treatment [70][146], plasma immersion ion
implantation (PIIl) [71][147], micro-arc oxidization (MAO) [72][148], and anodic
oxidization [73][149] have been proposed to improve the corrosion resistance of Mg

alloys.

The major concern over biomedical Mg alloys is their corrosion behaviour, and it is
necessary to determine the corrosion rate and acquire knowledge of the corrosion
mechanism in order to develop better adapted biomaterials for practical applications.

Mg and its alloys in aqueous solutions react and produce hydrogen according to
Mg + 2H,0O — Mg(OH), + Hz 1 (Eq. 1)

When the presence of chloride ions the magnesium hydroxide dissolves by reacting

into the soluble salt MgCl, according to Eq. (2)
Mg(OH), + 2CI"' — MgCl, + 20H" (Eq. 2)

Atrens [150] and Song [151] have shown that the quantity of hydrogen can be
measured and used for the interpretation of the results obtained from electrochemical
measurements, and they have given an explanation of the negative difference effect
(NDE), caused by the different amounts of hydrogen and Mg ions that do not fit with
Faraday’'s law. How and how fast these reactions take place depend on various

parameters.

In the case of the corrosion of Mg and Mg alloys, the main problem for biomaterial
application is not solely the hydrogen development: 0.01 ml » cm™ per day is a

tolerated level in the human body according to Zeng et al. [152]. The major issue
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then becomes the prediction of the evolution of corrosion rate, since that mechanical

stability and degradation should be balanced so that as long as the recovery process
is going on, the mechanical stability by the biomaterial can be assured without

premature failure [2].

Fig. 4 illustrates the influence of pH value on the corrosion rate in electrolytes
containing different amounts of chloride. The graphic depiction was drawn based on
the data taken from Zhao'’s research [153]. The study used different approaches and
methodologies to determine the corrosion rate. It is worthy of paying attention to the
fact that between at a pH of 7 and 11, the influence of the different parameters is
much lower than would be expected. Furthermore, these differences are much
smaller than those at a pH of 3. An exception could be observed is that the corrosion
rate estimated according to hydrogen development in higher NaCl concentration, at a
pH of 7 and 11.

1 —— w/o Cl
20 ® —8—0,1M NaCl
18 i 1M NaCl
] ° —&— calc.H-dev.0,1M NaCl
16 —— fresh surf.0,1M NaCl
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Fig. 4. Dependence of corrosion rate of ZE41 on the Cl-ion concentration; estimate based on
different methods. Calc, corrosion rate (rcorr) was calculated from hydrogen development
measurements; fresh surf, rcorr was determined by electrochemical measurements on a
freshly prepared surface; w/o Cl, without chloride. [154]

As the collection of data presented, the observed inconsistencies between
electrochemical and in vivo data mostly rely on the employed medium, the alloy
composition and surface conditions. Nevertheless, the summarized differences could

also be found when comparing different studies using different in vitro methodologies
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as well as different studied materials. In the future this should be the crucial object of
further and throughout discussions. After better understanding of the effects of
connecting processes on the degradation of magnesium alloys, the simulation of
transport conditions of the in vivo interface could become a focus of research interest
[154].

Former studies employed quite different methods, instruments and standards which
made the outputs not completely comparable, and therefore a credible in vitro study
system is urgently wanted to be established for the future researches. The
compositions, research strategies, corrosive media and circumstance (temperature,
osmolality, pH value and et. al) of materials have to be considered as key parameters
to warrantee the data more accurate and comparable. Hence, in this study, in vitro
corrosion research methods were studied firstly and emphasized as an important part
of the thesis.

2.5. Metallurgical Parameters of Mg-Ag Alloy

2.5.1 Phase equilibrium diagram

The Mg-Ag phase diagram shown with solid lines in Fig. 5 is established applying for
a thermodynamic assessment by [155]. This diagram also include another diagram
drawn by Lim (dashed lines in Fig. 5) [156] based on experimental data. Notable
disagreement can be found along the (Ag)+ B’ (AgMg) two-phase field boundaries.
[157] Several portions are presented in the assessed phase diagram, shown in Fig. 5
and 2: (1) the liquid; (2) the solid solution of Mg with a maximum solid solubility of
3.83 at%, Ag at the eutectic temperature of 472 °C; (3) the solid solution of Ag with a
maximum solid solubility of 29.3 a%t. Mg at the eutectic temperature of 759.3 C; (4)
the intermediate phase Mg4Ag; (5) the congruently melting Ag-Mg compound with a
wide range of homogeneity that narrows at lower temperature (this in intermediate
phase is in ordered condition upon the melting point); (6) the intermediate phase
Mg,Ag with a complex structure formed by a peritectic reaction at 492 °C.

Zemczuznyj determined the liquidus curve across the entire phase diagram for the
first time by thermal analysis, using Mg and Ag of 99.85 %wt. and 99.74 %wt. purity
respectively [34]. The melts were not stirred during the experiment, which can result
in lower liquidus temperatures from undercooling. However, the outputs of this early
investigation of the Ag-Mg system are in good agreement with those reported studies
later.

Afterwards, the thermal analysis by Zemczuznyj revealed four invariant reactions [34]:
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eutectic reactions

(1) L < MgsAg + (Mg) (Eq. 3)
(2) L < (Ag) + MgAg (Eq. 4)
peritectic reaction
(3) L + MgAg — MgsAg (Eq. 5)
congruent melting
(4) L & AgMg. (Eq. 6)
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Fig. 5. The Ag-Mg phase diagram. [155]

Zemczuznyj [34] failed to find any solid solubility of Ag in Mg or the homogeneity
range of the AgMg; phase, which was reported later by Smirnow and Kurnakow [158]
by resistometry analysis. The liquidus temperatures, reported by Andrews and
Hume-Rothery [159] (also see Hume Rothery and Butchers [160]) for the (Ag) phase
and by Payne and Haughton [161] for the (Mg) phase, are 0 to 15 C and 0 to 5 C
accordingly, above those determined by Zemczuznyj. [34] The difference is mainly
due to the higher purity of the metals tested by the latter authors (Payne and
Haughton [160]) and also because of their utilizing of stirring during thermal analysis,
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which prevents undercooling. (Ag) solid solution extends from 0 to 60 %at. Mg with
no Mg-Ag eutectic was reported by Saeftel and Sachs [162]. However, the outputs of
the metallography, as well as X-ray analysis, from many investigators showed that
Saeftel’s study [162] was in error.
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Fig. 6. Enlarged portion of the magnesium-rich region of the assessed Mg-Ag phase diagram
with selected data points

Hume-Rothery and Butchers [160] and Payne and Haughton determined the (Mg)
solidus curve by metallography [160]. Hume-Rothery and Butchers annealed their
samples, first for six days at 420°C or eight days at 440°C and then performed a final
anneal at 450 to 460 °C for nine and a half days, before step-heating to the (Mg) + L
region. Payne and Haughton [161] annealed their samples at 450°C for six days.
Therefore, the small difference between the reported data in these investigations
could be introduced by the shorter annealing time used by Payne [161].

2.5.2. Solubility of Ag in Mg

Although the atomic diameter of Ag is within the favorable size factor with respect to
Mg, the relative valency factor still restricts the solubility of monovalent Ag in divalent
Mg. Zemczuznyj [34] announced that there is no solid solubility of Ag in Mg firstly.
Later by electrical resistivity and hardness measurements, Stairnow and Kurnakow
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[158] showed that Ag has a limited solubility in Mg, and they gave a maximum
solubility of 2.58 at.% Ag (97.42 at.% Mg). Hume-Rothery and Butchers and Payne
and Haughton [160] independently determined the solvus curve by metallographic
analysis. Butchers annealed their samples for periods more than twice as long as
Payne did [163].

Ageew and Kuznezow [164] utilized X-ray analysis to determine the solubility limits of
samples annealed for a period of one-third of that applied by Hume- Rothery and
Butchers [160]. The solubility limits calculated by Ageew and Kuznezow [164] and
Payne and Haughton [160], while in good agreement with each other, yet are less
than those presented by Hume- Rothery and Butchers [160].

2.5.3. Intermediate phases
2.5.3.1. MgAg or B’ phase

The intermediate phase MgAg is a superlattice over the whole phase field and has a
wide range of composition. This highly ordered structure (also designated B’) is
stable up to the melting temperature and was described by Kogachi for the first time
[165]. The boundary of the MgAg field on the Ag-rich side (B’ / [(Ag) + B’]) was
determined metallographically by Andrews and Hume-Rothery [159] and by lattice
parameter measurements by Ageew and Kuznezow [164]. The MgAg / [(Ag) + MgAg]
boundary in the assessed Mg-Ag phase diagram (Fig. 5), has been fixed by Andrews
and Hume-Rothery [159] because the samples were annealed for a long time.
Smirnow and Kurnakow [158], according to limited resistometry measurements,
predicted that both (Ag) / [(Ag) + MgAg] and MgAg / [(Ag) + MgAg] are straight
vertical lines. Metallographic analysis by Andrews and Hume-Rothery [159] and X-
ray analysis by Letner and Sidhu [166] and by Ageew and Kuznezow [164] showed
that, as the temperature decreases, these boundaries become slightly inclined.

Ageew and Kuznezow determined the Mg-rich boundary of the MgAg phase field
over the temperature range of 260 to 390 °C by lattice parameter measurements.
[164] The upper end and lower parts of this boundary remain to be fixed. The solid
line portion of the MgAg/[MgAg + Mgs;Ag] boundary, shown in Fig. 5, has been
derived by the data obtained by Hansen [164].

2.56.3.2. MgsAg (v’ phase) and MgAg; (a’ phase)

Smirnow and Kurnakow [158] found that the intermediate phase Mg3;Ag (or y’) has a
narrow range of homogeneity of the Mg-rich side of the stoichiometric Mgs;Ag
compound by resistivity measurements. The MgAg / [MgsAg + (Mg)] boundary in the
temperature range of 260 to 390 °C was determined relying on lattice parameter
measurements by Ageew and Kuznezow [164].

The intermediate phase AgsMg (or o’ phase) generated as a result of the ordering
process in the (Ag) phase was determined by Clarebrough and Nicholas [167] using
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X-ray analysis. The authors also revealed that annealing of quenched Mg with
24.3 %at. alloy at temperatures between 386 and 389 °C causes ordering. Kachi
[168] and Gangulee and Bever [169], reported transition temperatures of 400 and
392 + 2 °C respectively by emf cell, calorimeter, and heat capacity measurements.
These studies [170] also demonstrated that the ordering process occurs in alloys of
non-stoichiometric composition. However, the two phase region ((Ag) + Mg Ags),
reported by Gangulee and Bever [169] was not identified by Hamalainen et al. [171].
Grayevskaya et al. [172] found long and short range order coexisting in a Mg with
19 %at. Ag alloy annealed below the ordering temperature, in whose research the
sample was first annealed at 600 °C for 2 hours and then quenched, followed by
heating to 210 °C with quenching. Grayevskaya et al. [172] attributed this to both the
existence of a two-phase range and insufficient soaking time to construct maximum
possible long-range order at this temperature.

The temperature hysteresis of ca. 15 °C reported by Buckley et al. [173], however
was not confirmed by Hamalainen Buckley et al., who determined the ordering as
well as disordering temperatures by electrical resistivity measurements of samples
within a rate of temperature change of 0.5 °C. [173] The samples disordered on
heating at about 15 °C above the ordering temperature determined [155].
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3. Motivation and objectives

This research work was embarked on in order to address the issues as raised in the
previous sections. A systematic investigation was designed to critically discuss on
the feasibility of Mg-Ag binary alloys applied as biodegradable antibacterial materials.
The aims of this present work are therefore:

1. Identification of the factors affecting Mg-Ag alloys’ mechanical properties and the
effects of heat treatment on mechanical properties.

2. To determine the corrosion properties of Mg-Ag alloys, and establish human body
like in vitro circumstance to simulate the corrosion process after surgery.

3. Choose properly heat treated alloys to execute the biocompatibility and
antibacterial reactivity test, according to their mechanical and corrosive properties.

4. To test biocompatible and antibacterial properties of the heat treated alloys.

5. To draw the suitability of Mg-Ag alloys applied as implant materials. Choose one or
two optimized alloy with balanced properties for the future in-vivo tests.
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4.1. Material manufacturing

Considering silver’s solubility in magnesium (ca. 10%) [155], three magnesium-silver
alloys were studied: Mg2Ag, Mg4Ag and Mg6Ag, which were cast by adding 2%, 4%
and 6% silver (99.99%, Sigma-Aldrich, Steinheim, Germany) by weight into pure
magnesium (>99.98%, Hydro Magnesium, Norway). For comparison, pure
magnesium was used. All materials were prepared by permanent mould casting and
then treated by a solidification cooling process. Magnesium and silver were melted in
a steel crucible under protective atmosphere (Ar + 2% SF;) at a temperature of 750°
C for 1.5 h. Then the melt was stirred for 30 min with 200 rpm prior to casting the
material into a preheated mould (550° C) made out of mild steel. To assure
cleanness of the cast ingots a filter (Foseco SIVEX FC, Foseco GmbH, Borken,
Germany) was used. The filled mould was held at 670 °C for 1 h under the protective
atmosphere. Then, the whole steel crucible with the melt was immersed at 10 mm/s
into continuous cooling water. As soon as the liquid level of the inside melt was in
alignment with the height of outside water, the solidification process was finished.

4.1.2. Heat treatment

Solution treatments (T4) of the materials were carried out at 440 °C for 16 h in argon
atmosphere followed by water quench at 25 ‘C. Ageing treatment (T6) of the solution-
treated samples was performed at 185 ‘C for 8 h followed by water quench at 25 °C.

Afterwards, the as-cast and heat-treated ingots were machined to different
dimensions for the following measurements.

4.2. Metallurgical analysis

4.2.1. Composition and density

The realistic composition of the alloys was obtained by X-ray fluorescence (XRF)
analyzis (Bruker AXS S4 Explorer, Bruker AXS GmbH. Karlsruhe, Germany) with
Bruker AXS SPECTRA plus software (version 1.70). The density of the alloys was
determined by Archimedean principle.
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4.2.2. Microstructure and phase identification

4.2.2.1. Optical microscopy

Optical light polarization microscopy was performed (PM, 020-520-008 DM/LM, Leica
GmbH, Wetzlar, Germany) to get an overview of the distribution and sizes of the
phases within the material. 5.0 mm x 20.0 mm x 20.0 mm brick samples were
machined for all microstructure characterizations. Measured surfaces were ground
with water and ethanol (> 99.5%, Sigma-Aldrich, Steinheim, Germany) down to a
grinding size of grade 1200, polished with a lubricant containing 3 pm diamond
particles (> 99.5%, Sigma-Aldrich, Steinheim, Germany) followed by a lubricant
containing 1 pm diamond particles under addition of dish liquid (Struers GmbH,
Willich, Germany). Then they were etched for a few seconds in an ultrasound bath
with 10% nital (10% nitric acid in ethanol, Sigma Aldrich Chemie, Taufkirchen,
Germany) to clean off remains, followed by etching with a solution of 35 mL H,0, 6.5
g acetic acid (2 99.7%, Sigma-Aldrich, Steinheim, Germany) and 5 g picric acid (=
98%, Sigma-Aldrich, Steinheim, Germany) in 140 mL ethanol [174]. The etched
samples were cleaned by ethanol and then dried by compress hot air.

4.2.2.2. SEM and EDX analysis

Scanning electron microscopy (SEM Auriga, Zeiss, Oberkochen, Germany) equipped
with an energy-dispersive X-ray spectrometer (EDX; Sapphire CDU, EDAX Int,
Mahwah, USA) was applied to evaluate the composition of the microstructure.
Samples for SEM analysis were polished with emery paper of various grades up to
3200 grade followed by a diamond suspension down to 3 ym diamond particles. In
the last step of polishing, ethanol was used as lubricant instead of water. The
specimen were then degreased and rinsed with pure ethanol. SEM analysis was
performed shortly after finishing the sample preparation to characterize the initial
conditions. The morphological features were examined by recording secondary
electron (SE) images under high vacuum (10 mbar), at 15 kV accelerating voltage,
90 pA beam current and 200 x magnification.

4.2.2.3. XRD analysis

Samples were polished with emery paper of various grades up to 3200 grade
followed by a diamond suspension down to 1 ym diamond particles. Then they were
investigated by X-ray diffraction (XRD) in a parallel beam geometry, using Cu-Kg,
radiation (wavelength A=1.5406 A). The X-ray diffractometer (Siemens D5000 from
Siemens AG, Munich, Germany) was operated in transmission mode in the range 26
= 15-90° with a step length of 0.0153° and 3 s/step. The determination of the lattice
parameter has shown a precision of better than 0.01 A. Diffraction patterns were
analysed using the database PDF-2 (Release 2002) from the International Center for
Diffraction (ICDD) [175].
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4.2.3. Mechanical properties

Vickers hardness (HV5), tension and compression measurements have been carried
out for mechanical characterization of the materials. Vickers hardness measurements
(HV 5) were done with a standard microhardness tester (Carl Zeiss, Jena, Germany)
after mirror polishing following ASTM standard [176]. The tension and compression
tests were performed using standard mechanical testing machine (Zwick Z050, Zwick
GmbH, Ulm, Germany). The samples were placed in the chamber at the test
temperatures for 10 min before measurement in order for the homogenous
distribution of temperature before tests. Each mechanical test was carried out under
human body temperature (37.0 °C), which assured the results more credible and
closer to realistic implant conditions than many other studies. All measurements were
carried out in quintuplicate to assure statistical accuracy according to ASTM standard
[177].

4.3. Optimum of in vitro corrosion testing methods

4.3.1. Comparison and choosing of Corrosion media
4.3.1.1. Materials

Pure magnesium samples (99.98%, Hydro Magnesium, Norway) were prepared by
permanent mould casting. The metal was molten under protective atmosphere (Ar +
2% SFg) at a temperature of 750 °C. Then the melt was stirred for 30 min with 200
rem prior to casting the material into preheated moulds (550 °C) made out of mild
steel. To assure cleanliness of the cast ingots a filter (Foseco SIVEX FC, Foseco
GmbH, Borken, Germany) was used. Cylindrical specimens with a diameter of 5 mm
and a height of 1.5 mm were cut from the cast blocks via electrical discharge
machining. Specimens were carefully mechanically polished with water and SiC, from
1000 grid to 4000 grid gradually. After polishing, the specimens were immediately put
into pure? Ethanol.

Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g-L"' Glucose and Hank's
Buffered Salt Solution without calcium and magnesium (HBSS) are commercially
available (Life Technologies, Darmstadt, Germany). Simulated Body Fluid (SBF) was
produced according to the recommendation of Bohner [178]. The compositions of
DMEM, HBSS and SBF are listed in Table 3.

4.3.1.2. Immersion experiments

Immersion media were sorted into 3 groups, namely DMEM, HBSS and SBF. The
specimen were immersed in 2 mL of the respective media under sterile conditions
and incubated under cell culture conditions (37°C, 21% O3, 5 % CO,, 95% relative
humidity) for 20 h. After immersion, half of the samples were directly put into the
vacuum dryer, whereas the other half were rinsed with deionized water for 1 min and
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then vacuum dried. After drying for 12 hrs, all the samples were stored in argon
atmosphere.

Table 3. The compositions of DMEM, HBSS and SBF

Ingredient DMEM HBSS SBF
[mM] [mM] [mM]

Calcium Chloride (CaCly) 1.80 1.84

Ferric Nitrate (Fe(NO3)s) 0.000248

Hydrochloric acid (HCI)

Magnesium Sulfate (MgSO,) 0.813 25.62

Potassium Chloride (KCI) 5.33 5.33

Potassium Phosphate monobasic (KH,PO,) 0.441

Sodium Bicarbonate (NaHCO3) 44.05 4.17 35.05

Sodium Chloride (NaCl) 110.34 137.93 105.62

Sodium Phosphate monobasic (NaH,PO,) 0.916

Sodium Phosphate dibasic (Na,HPO,) 0.338 1.75

D-Glucose (Dextrose) 25.00 5.56

Glycine 0.4

L-Alanyl-L-Glutamine 3.97

L-Arginine hydrochloride 0.398

L-Cystine-2HCI 0.201

L-Histidine hydrochloride 0.2

L-Isoleucine 0.802

L-Leucine 0.802

L-Lysine hydrochloride 0.798

L-Methionine 0.201

L-Phenylalanine 0.4

L-Serine 0.40

L-Tyrosine 0.398

L-Valine 0.803

Choline chloride 0.029

D-Calcium pantothenate 0.008

i-Inositol 0.04

Niacinamide 0.033

Pyridoxine hydrochloride 0.0196

Riboflavin 0.001

Thiamine hydrochloride 0.012

Phenol Red 0.0399

Sodium Pyruvate 1.000

4.3.1.3. XPS analysis

X-ray induced photoelectron spectroscopy (XPS) experiments were carried out on a
Kratos Axis Ultra DLD (Kratos Analytical Ltd., Manchester, UK) attached with a 15 kV
X-ray gun using monochromatic Al K-alpha radiation. The spot size was 700x300 pym
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and the pass energy was 40 eV at the regions measurements and 160 eV for survey
scans. As a result of nonconductive properties of the corrosion products, a charge
neutralizer was used to correct the chemical shifts due to charging. Due to physical
limits the information depth is limited to approx. 5 nm.

Additionally, argon ions (4000 eV) have been used to etch the samples in order to
prevent surface contamination. The applied sputter rate of approx. 36 nm per minute
was used to remove other contamination effects by sputtering for two minutes. The
following core levels were analyzed besides survey spectra: Mg 2p, O 1s, C 1s, Ca
2p and P 2p. By determination of the binding energy on these states, the present
chemical bonds have been accurately determined. Curve fitting of the spectra was
performed with Casa 2.3.15 software (Casa Software Ltd., Teighnmouth, Devon, UK,
2003). The binding energy can be estimated to an accuracy of £0.3eV.

4.3.2. Protein’s effects on corrosion of Mg-Ag alloys
4.3.2.1. Materials

Cylindrical specimens with a diameter of 5 mm and a height of 1.5 mm were cut from
the cast blocks via electrical discharge machining. Specimens were carefully
mechanically polished with water and SiC, from 1000 grid to 4000 grid gradually.
After polishing, the specimens were immediately put into deaerated ethanol for the
following measurement. The electrolytes were DMEM Glutamax-| (Life Technologies,
Darmstadt, Germany) with and without the addition of 10% (by volume) Fetal Bovine
Serum (FBS) (FBS Gold, PAA Laboratories, Linz, Austria). The composition of the
corrosion medium is summarised in table 3. A detailed description of the formulation
can be found elsewhere [179].

4.3.2.2. Electrochemical measurement

The corrosion resistance of the specimens was evaluated by linear sweep
voltammetry, and cyclic voltammetry using a mini cell system setup (MCS). The
choice of the MCS was made due to the small dimensions of the samples and the
need to test the material without any further preparation, to better simulate the clinical
conditions [180]. The electrochemical measurements were performed using MCS
connected to a potentiostat (EI 1286 Schlumberger, Braunschweig, Germany) (Fig.
7).

A saturated calomel electrode (SCE, Ey; = 0.241 V vs. SHE - standard hydrogen
electrode) was used as reference electrode. The scan rate was set at 10mV/s, and
the contact area was 0.008 cm?. The potential range was between -2.0 V and -0.5 V
(vs SHE) for single sweep voltammogram test and between -0.5V and +0.5 V (vs.
OCP - open circuit potential) for cyclic voltammeter test. All measurements were
performed at room temperature. From the current density-potential curves, the
following electrochemical parameters were determined: polarization resistance (Ry),
exchange current density (lo) and corrosion potential (E.,;). The data were collected
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and analyzed by using the Corrware and Corrview software respectively (Scribner
Associates Inc., Southern Pines, NC, USA).

Fig. 7. Mini cell system applied for corrosion tests

4.3.2.3. Microstructure characterization

Microstructural investigations were performed using optical microscopy and scanning
electron microscopy (SEM). Optical microscopy has been performed to get an
overview of distribution and size of components within the material. The SEM
(Quanta 200, FEI, Hillsboro, OR, USA) equipped with an energy-dispersive X-ray
spectrometer (Sapphire CDU, EDAX Int, Mahwah, NJ, USA) was applied. The
morphological features were examined by recording secondary electron (SE) images
under high vacuum (10 mbar), at 20 kV accelerating voltage, 90 uA beam current
and 1000x original magnification on specimen. The sample preparation for optical
microstructure investigations is reported briefly: cross and longitudinal sections were
ground with water and ethanol down to a grinding size of 1200, polished with a
lubricant containing 3 mm diamond particles followed by a lubricant containing 1 mm
diamond particles under addition of dish liquid (Struers GmbH, Willich, Germany).
They were etched first with 10% nital for a few seconds to clean off remains in the
ultrasound bath and then etched with a solution, which contains 35 mL H,0, 6.5 g
acetic acid and 5 g picric acid in 140 mL ethanol [174].Compressed air was utilized
for a dry surface.

4.3.2.4. XPS investigation

X-ray induced photoelectron spectroscopy (XPS) experiments were carried out on a
Kratos Axis Ultra DLD (Kratos Analytical Ltd., Manchester, UK) attached with a 15 kV
X-ray gun using monochromatic Al K-alpha radiation. The spot size was 700 x 300
pm and the pass energy was 40 eV at the regions measurements and 160 eV for
survey scans. As a result of nonconductive properties of the corrosion products, a
charge neutralizer was used to correct the chemical shifts due to charging. Due to
physical limits the information depth is limited to approx. 5 nm. Additionally, argon
ions (4000 eV) have been used to etch the samples in order to prevent surface
contamination. The applied sputter rate of approx. 36 nm per minute was used to
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remove other contamination effects by sputtering for two minutes. Measured areas
were at the depth of around 72 nm from the surface, which were still at the surface of
the whole corrosion layer of up to 100 um thickness. The following core levels were
analyzed besides survey spectra: Mg 2p, O 1s, Cl 2p and Ag 3d. By determination of
the binding energy on these states, the present chemical bonds have been
accurately determined. The binding energy can be estimated to an accuracy of 0.3
eV. Curve fitting of the spectra was performed with Casa 2.3.15 software (Casa
Software Ltd., Teighnmouth, Devon, UK, 2003) to each element. The applied
element binding energy database is NIST Standard Reference Database 20, Version
3.5.

4.4. Corrosion properties

4.4.1. Electrochemical analysis

The corrosion resistance of the specimen was evaluated by single sweep voltametry,
using a mini cell system setup (MCS). The choice of the MCS was made due to the
small dimensions of the samples and the need to test the material without any further
preparation to better simulate the clinical conditions [180]. The specimens were 10.0
mm in diameter and 1.5 mm in height. As electrolyte the cell culture medium
Dulbecco's Modified Eagle Medium (DMEM) Glutamax-lI (Life Technologies,
Darmstadt, Germany) with the addition of 10% (by volume) Fetal Bovine Serum (FBS,
FBS Gold, PAA Laboratories, Linz, Austria) with the total amount of proteins of 30 -
45 g/L was used. The detailed description of the formulation can be found elsewhere
[179]. The MCS was connected to a computer controlled potentiostat (ElI 1286,
Schlumberger, Braunschweig, Germany) driven by the software Corrware@ for
Windows (Scribner Associates, Southern Pines, USA). A saturated calomel electrode
(SCE, Eq = 0.241 V vs standard hydrogen electrode, SHE) was used as reference
electrode. The scan rate was set at 10 mV/s; the contact area was 0.008 cm? and the
potential range was varied between -2.0 V and -0.5 V (vs SHE). Measurements were
executed at 37.0° C under atmosphere with 5% CO, to maintain the data comparable
to immersion tests results and cell culture conditions. The data were collected and
analyzed by using the Corrware and Corrview software respectively (Scribner
Associates Inc., Southern Pines, NC, USA). Treated areas of the samples were also
analyzed by SEM microscopy (Quanta 200, FEI, Hillsboro, OR, USA) to identify the
corrosion type.

4.4.2. XPS depth profiling

X-ray induced photoelectron spectroscopy (XPS) experiments were carried out on a
Kratos Axis Ultra DLD (Kratos Analytical Ltd., Manchester, UK) attached with a 15 kV
X-ray gun using monochromatic Al Ka radiation. The spot size was 700 x 300 um
and the pass energy was 40 eV at the regions measurements and 160 eV for survey
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scans. As a result of the nonconductive properties of the corrosion products, a
charge neutralizer was used to correct the chemical shifts caused by charging. Due
to physical limits the information depth is limited to approx. 5 nm. Before starting the
measurements argon ions (4000 eV) were used for 2 min (applied sputter rate of
approx. 36 nm / min) to etch the samples to prevent surface contamination. The first
measured layer therefore was at the depth of around 72 nm from the surface. Depth
profiles of the samples were obtained by combining a sequence of 100 min ion gun
etching cycles interleaved with XPS measurements. This leads to measured layers
which are ca. 3 um deeper than the former layer. lon gun etching cycles ran twice
per sample resulting in three XPS spectra for each sample.

The following core energy levels were analyzed besides survey spectra: Mg 2p, O 1s,
Cl 2p, Ca 2p, P 2p and Ag 3d. By determination of the binding energy of these states,
the present chemical bonds were accurately determined. The binding energy (binding
energy database NIST Standard Reference Database 20, Version 3.5) can be
estimated with an accuracy of £0.3eV. The curve fitting of the spectra was performed
with Casa 2.3.15 software (Casa Software Ltd., Teighnmouth, Devon, UK, 2003).
Side view pictures were captured by SEM (Auriga, Zeiss, Oberkochen, Germany) to
analyze the vertical distribution of corrosion products.

4.4.3. Immersion tests

After the comparison of the material corrosion properties without and with different
heat treatment, T4 treated alloys and pure magnesium as reference were selected
for immersion tests to get ion release information. The specimens were 10.0 mm in
diameter and 1.5 mm in height, and successively polished with emery paper of
various grades up to 3200 grade followed by a diamond suspension down to 1 um
diamond particles. Prior to the corrosion test, the concentration of Mg?* and Ag* ions
(ISE electrode WD-35802, Oakton Instruments, Vernon Hills, USA and lon Selective
Electrode HI 4015, Hanna Instrument, Woonsocket, USA) as well as the osmolality
(Osmomat 030, Gonotec, Berlin, Germany) and the pH (pH/mV meter PH210, Hanna
Instrument, Woonsocket, USA) of the media was measured. Then the samples were
immersed in ftriplicates in 3.0 mL of growth medium DMEM with 10% FBS and
incubated under cell culture conditions (37 °C, 20% O,, 5% CO,, 95% relative
humidity) for 72 h. Then the Mg?* and Ag* ion concentrations, the osmolality and pH
of the extract were determined. The corroded specimens were photographed, rinsed
with deionized water and dried. The morphology of the corrosion surface was
determined by SEM (Auriga, Zeiss, Oberkochen, Germany) in backscattering mode
(Detector BSD, 20 keV, 8.5 mm working distance).
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4.5. Cytocompatibility tests

4.5.1. Specimen preparation

Cylindrical specimens with a diameter of 10.0 mm and a height of 1.5 mm were cut
from the T4 treated blocks via electrical discharge machining. The average weight of
the specimen was 207.1 + 1.5 mg for pure magnesium and 212.0 - 216.0 + 1.5 mg
for Mg-Ag alloys. For strict sterilization, the samples were sonicated for 20 min in dry
isopropanol, dried and gamma-sterilized at the In Core Irradiation (ICl) facility of the
Research Reaktor FRG-1 (Geesthacht Neutron Facility GeNF, Germany) with a total
dosage of 29 kGy.

4.5.2. Isolation and culture of cells

The MG-63 cell lines, RAW 264.7 cell lines and Human umbilical cord perivascular
cells (HUCPV) were chosen to evaluate cytotoxicity of silver ions, while human
osteoblast primary cells were isolated and cultured for cell attachment test.

4.5.2.1. MG-63 cells and RAW 264.7 cells

The human osteosarcoma cell line MG-63 was obtained from the European collection
of cell cultures (ECACC, Salisbury, UK). The cells were cultured under standard cell
culture conditions (37 °C, 20% O3, 5% CO,, 95% rH) in DMEM with 10% FBS. Cells
were passaged at subconfluency (70 - 80%) and reseeded in a density of 2 x 10*
cells « cm™. For cell culture experiments cells after the fifth passage were used. The
tumor-derived mouse macrophage cell line (RAW 264.7, ECACC, Salisbury, UK) is
capable of producing cytokines like nitric oxide (NO) and tumor necrosis factor a
(TNF-a) as an in vitro inflammatory response. Cells were cultured in DMEM low
glucose with 2 mM glutamine and 10% FBS and passaged at 60-70% confluence.
Cells starting from the fifth passage were used for experiments.

4.5.2.2. Human umbilical cord perivascular cells (HUCPV)

Mesenchymal stem cells derived from Wharton's jelly of the umbilical cord were
isolated by a modified isolation protocol from Sarugaser et al. [181]. Isolation was
approved by the local ethical committee. In brief, umbilical cords from consenting full
term caesarean section patients were cut into pieces of about 5 cm. The vessels
from the cord pieces were isolated and tied together at the ends with sutures, leading
to a vessel loop. These were placed in T-175 cell culture flasks and cultured for 10
days without medium change in a-MEM (Life Technologies, Darmstadt, Germany)
with 10% FBS for mesenchymal stem cells (Stem Cell Technologies, Vancouver,
Canada). After visible outgrowth from the loops medium was changed every 2-3 days.
At about 60% confluency the cells were harvested with a cell scraper and
subcultivated in a density of 1000 cells « cm™. For the experiments cells of the third
to fifth passage were used.
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4.5.2.3. Human osteoblast cells

Human osteoblast primary cells were cultured from bone chips obtained from
patients undergoing total hip arthroplasty. The cancellous bone was cut into 5-mm
pieces, and after removal of bone marrow, the bone chips were cultured in DMEM
with 10% FBS. The culture was maintained for approximately 10 days without
medium change. Thereafter, the medium was changed every three days and cells
were passaged after reaching 70-80% confluency.

4.5.3. MTT-assay for silver ion cytotoxicity

1 nM to 100 mM AgNO; (Sigma Aldrich Chemie, Taufkirchen, Germany) was applied
as silver ion provider for the measurement of silver ion cytotoxicity. The MG-63 and
RAW 264.7 cells were seeded on 96-well-plates (5000 cells per well) with 100 pL of
the cell type specific medium with according concentration of silver ion. The cells
were cultivated for 24 h under cell culture conditions and their viability was analyzed
by the MTT (methylthiazolyldiphenyl-tetrazolium bromide, Sigma Aldrich Chemie,
Taufkirchen, Germany) assay. After incubation, 10 uL of the MTT-solution (5 mg/mL
MTT in phosphate buffered saline, PBS) was added. After 5 hours the cells were
lysed and the formazan crystals solubilized by adding 100 yL solubilization solution
(10% SDS in 0.01M HCI, Merck, Darmstadt, Germany), followed by an incubation
overnight under cell culture conditions. The solubilized formazan product was
photometrically quantified using an ELISA reader (Tecan Sunrise, TECAN
Deutschland GmbH, Crailsheim, Germany) at 570 nm with a reference wavelength of
655 nm. The same experiments were performed without cells to exclude an influence
of the salt concentrations on the MTT-assay (negative control). In addition the same
tests were executed with NaNO; (= 99.0%, Sigma-Aldrich, Steinheim, Germany) to
determine the influence of nitrate and to monitor the change of osmolarity with
increasing nitrate. The experiments gave the lethal concentration LC50 where 50%
of the cells survive.

4.5.4. Cell adhesion testing

To evaluate the biocompatibility of the Mg-Ag alloys, primary osteoblasts were
cultured on the surfaces of pure magnesium and T4 treated alloys. Human osteoblast
cells were incubated with a seeding density of ca. 1x10° cells per specimen with 10
ml DMEM + 10% FBS. Three ftriplicates were tested for every material. Cell culture
medium was changed every 48 h and the total incubation time was 14 days. The
viability of osteoblast cells was then determined using a LIVE/DEAD
Viability/Cytotoxicity Kit (Life Technologies, Darmstadt, Germany), which measures
the membrane integrity of cells. A fluorescence microscope (Eclipse Ti-S, Nikon,
Dusseldorf, Germany) was utilized to observe and calculate the viability of tested
cells. Viable cells show a green fluorescence through the reaction of the
acetomethoxy derivate of calcein with intracellular esterase, whereas non-viable cells
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show red fluorescence due to the diffusion of ethidium homodimer across damaged
cell membranes and binding with nucleic acids.

SEM (Auriga, Zeiss, Oberkochen, Germany) was used to view the cell cultured
surfaces of pure magnesium and T4 treated alloys. Human osteoblast cells were
firstly incubated on the specimen surface for 6 hours, with a seeding density of ca.
1x10° cells per specimen. After incubation, cells on specimens were fixed with 1%
glutaraldehyde solution (Glutaraldehyde solution, Sigma-Aldrich Chemie GmbH,
Taufkirchen, Germany) for cell analyses. The fixed specimens were then dehydrated
with five different concentrations of aqueous ethanol solution, 20%, 40%, 60%, 80%
and 100% sequentially. The samples were then dried using a critical point dryer (EM
CPDO030, Leica GmbH, Wetzlar, Germany). The dried samples were immediately
visualized by SEM to avoid rehydration and contamination.

4.6. Antibacterial properties

The detection of antibacterial effects of Mg-Ag alloys was done by testing the
bacterial adhesion and the change in the vitality of adhering bacteria populations. An
dynamic in vitro biofilm simulation system (developed by iba Heiligenstadt, Germany)
allows the testing of bacteria proliferation and biofilm formation could be performed
under reproducible conditions and it was proven with high clinical relevance [182].
The main features of the test system are summarized in Fig. 8.

4.6.1. Specimen preparation

Cylindrical specimens with a diameter of 10.0 mm and a height of 1.5 mm were cut
from the T4 treated alloys. Titanium, glass and pure magnesium specimens of the
same size were prepared as reference. The specimens were grinded with 1200 and
4000 emery paper, and then polished with 1 um diamond suspension. For a clean
surface and sterilization all the specimens were immersed in 100% ethanol in an
ultrasonic bath for 10 min. After cleaning and sterilization, the specimens were stored
in 100% ethanol before tests.

4.6.2. Antibacterial testing with bioreactor

The antibacterial properties of the material were determined in a co-culture of two
staphylococcus strains: S. aureus (DSMZ 20 231) and S. epidermidis (DSMZ 3269)
at the rate of 1:1, using tryptic Soy Yeast Extract medium (Trypticase Soy Broth 30
g/L, Yeast Extract 3 g/L, pH = 7.2, Sigma Aldrich Chemie, Taufkirchen, Germany).
The bacteria concentration was 107 / ml after mixture. The co-culture was first
incubated in the bioreactor with 500 mL media (dynamic cultivation of bacteria, 37° C,
aerated, sterile conditions, pH = 7.2). As Fig. 8 illustrated, the biofilm formation on
the samples was then studied by connecting the bioreactor to the flow chambers
which contained one specimen each. Thus specimens were tested in parallel by
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flushing the medium containing the bacteria with a flow rate of 0.3 mL / min for 15

hours above the sample. Each material was studied in three separate tests.

Control of temperature C
Monitor of flow rate
microscope
Bacteria
incubator
' ‘ cross flow

Fig. 8. In-vitro bio-film simulation system: A. multi-bioreactor for bacteria mixed culture; B.
flow chamber with temperature and flow control; C. scheme of the bioreactor applied for
antibacterial testing.

4.6.3. Quantitative determination and in situ imaging

Qualitative assessment of biofilm formation was done by in situ imaging of adhering
bacteria with live-dead staining using CLSM (Confocal laser scanning microscopy,
TCS SP2, Leica GmbH, Wetzlar, Germany) at 488 nm wave length during the run of
the bioreactor.

After 15 hours incubation the samples were carefully rinsed with PBS to remove
unattached bacteria, and then treated by ultrasonic bath to collect all the adhering
bacteria. By checking sample surfaces via microscopy after ultrasonic treatment, it
was ensured that all the originally adherent bacteria were removed by ultrasound and
available for following quantitative analysis. Quantitative determination of the number
of adhering bacteria and their vitality was carried out by counting with a nucleo
counter (6 duplicate areas per sample and 3 duplicate samples per material) and
live-dead staining (Live / Dead BacLight TM, Molecular Probes).
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4.7. Statistical analysis

Statistics were performed using the SigmaStat package (Systat software GmbH,
Erkrath, Germany). Standard analysis comparing more than two treatments was
done by using the one-way ANOVA with Holm-Sidak versus control group Post-Hoc
testing. Statistical significance was defined as p < 0.05, and statistical results are
indicated at the relevant experiments.
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5 Results

5.1. Metallurgical analysis

5.1.1. Composition and density

The realistic compositions of three Mg-Ag alloys obtained from XRF measurements
were 1.87% in Mg2Ag, 3.82% in Mg4Ag and 6.00% in Mg6Ag silver content in
magnesium by weight respectively. Table 4 shows the composition of the studied
materials, their equivalent mass and their average density.

Table 4. Mass composition, atomic ratio and average density for the alloys studied.

Materials L\(/)I/:a)ss composition Atomic ratio (%) aiii:?;m (27;?%/
Mg 100 Mg 100 Mg 12.16 1.74
Mg2Ag 98.13 Mg, 1.87 Ag  99.56 Mg, 0.44 Ag 12.54 1.76
Mg4Ag 96.18 Mg, 3.82 Ag  99.11 Mg, 0.89 Ag 13.02 1.79
Mg6Ag 94.00 Mg, 6.00 Ag  98.54 Mg, 1.46 Ag 13.49 1.83

5.1.2. Metallurgical microstructure and phase identification

The microstructure of the cast samples revealed that inside the grains secondary
dendrites drastically increase with higher silver content (Fig. 9).

The average grain size of Mg2Ag, Mg4Ag and Mg6Ag was 600 um, 480 ym and 350
pum respectively. Due to the relatively slow cooling rate of the casting process, the
structure of the sample mainly consisted of coarse equiaxed grains rather than
columnar grains. As can be seen in Fig. 9, under the same heat treatment conditions,
the grain size of Mg-Ag alloys was obviously reduced by increasing content of silver.
Compared to cast materials, heat treatment did not show notable influence on
changing grain size. Eutectic phases, formed during the solidification and distributed
along the grain boundaries, were erased by T4 treatment. T4 and T6 treatment also
wiped out most of secondary dendrite which hinted the solution treatment was
successful. There were quite few visible re-precipitated secondary phases in T6
treated samples fewer than 50 x magnifications, which illustrates secondary phases
re-precipitated in very small amount.
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The refined microstructures provided by SEM patterns showed the effects of silver
content addition and heat treatment on phase transformation (Fig. 10). Eutectics
could be clearly observed along grain boundaries, whose amount increased
dramatically with more silver content. The size of the secondary phases varied from
hundreds of nanometers to several micrometers. Eutectic structures appeared
continuously along grain boundaries in cast Mg6Ag and formed networks.

Fig. 9. Microstructures of casted, T4 treated and T6 treated alloys from optical microscopy.
Most dendrites and eutectic tissue were eliminated after T4 treatment.

Secondary as well as eutectic phases could be hardly found in all T4 and T6 treated
samples, which demonstrated they had vanished during aging process and re-
precipitated phases were smaller than 500 nm (Fig. 12). EDX analysis results in Fig.
10 reveals that the dominant secondary phase in all three cast alloys was Mg.Ag
according to element distribution.

The X-ray diffraction pattern of the cast alloys (Fig. 11) exhibited dominant a-Mg
reflections. Apart from primary phase, there were notable reflections from the Mg,Ag
phase, which confirmed the phase identification results from EDX analysis. Weak
indications of Mgs4Ag+7 could also be observed in XRD patterns especially in Mg6Ag.
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Fig. 10. SEM images and EDX analysis to cast Mg-Ag alloys. Combination of Mg,Ag and
MgssAgy7 were identified as the main species of secondary phases in all Mg-Ag alloys.
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Fig. 11. XRD analysis to cast Mg-Ag alloys.
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Mg2Ag T4 Mg2Ag T6

Mg4Ag T4 Mg4Ag T6

Mg6Ag T4 Mg6Ag T6

Fig. 12. SEM images of T4 and T6 treated Mg-Ag alloys. Small amount of re-precipitated
secondary phases could be observed in T6 samples.

5.2. Mechanical properties

5.2.1. Mechanical properties of cast materials

The relationship between mechanical properties and material composition of cast
materials is shown in Fig. 13. Hardness increased gradually with increasing silver
content from pure magnesium to Mg6Ag. Compared to pure magnesium the increase
was significant in all cases (Holm-Sidak against control group (Mg), significance level
p<0.05; Mg2Ag: t=5.07; Mg4Ag: t=7.81; Mg6Ag: t=8.157). The material strength
(tension and compression) showed an even more pronounced increase by silver
addition. The Mg6Ag alloy reached more than double of the ultimate tensile strength
(Rm) of pure magnesium, from 108.3 MPa to 215.9 MPa.

The differences for tension (T) and compression (C) were in all cases significant
(Holm-Sidak against control group (Mg), significance level p<0.05; Mg2Ag: t=17.26
(T) and 46.09 (C); Mg4Ag: t=21.32 (T) and 27.17 (C); Mg6Ag: t=21.98 (T) and 25.17
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(C), respectively). Mg6Ag was superior to the other materials with respect to the
mechanical parameters.
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Fig. 13. Vickers hardness, compressive and tensile strength of cast Mg, Mg2Ag, Mg4Ag and
Mg6Ag (mean £ SD, significance level *p < 0.05, #p > 0.05).

5.2.2. Mechanical properties after heat treatment

In Fig. 14 the mechanical properties of the materials are displayed. The average
vickers hardness HV5 of pure magnesium was 27.8 + 0.8 . The addition of silver
leaded to a significant increase of the average HV5. For cast Mg2Ag, Mg4Ag and
Mg6Ag values of 32.9 £ 2.0, 35.6 = 1.7 and 35.9 £ 1.1 respectively were found. This

can be explained by the increase of Mg4s,Ag B phases and dendrite structure

regardless of heat treatment status.

T4 treated alloys exhibited slight decrease in hardness for Mg2Ag (30.0 + 2.5) and
Mg4Ag (34.3 £ 2.1) while a mild increase was found for Mg6Ag (40.1 £ 2.2), which
were resulted in dissolving of  phases. T6 samples had higher hardness values
(40.1 £ 2.0 for Mg2Ag, 38.8 + 0.86 for Mg4Ag and 43.3 + 1.4 for Mg6Ag) than cast

materials because of the 3 phases’ re-precipitation
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Tension and compression values also increase with increased silver content (Fig. 14,
lower row). The ultimate tensile strength (UTS) of the casted Mg6Ag alloy doubled
from from 108.3 £ 3.1 MPa (pure Mg) to 215.9 = 11.3 MPa, and the ultimate
compressive strength (UCS) changed from 119 + 1.5 MPa for pure magnesium to
244 + 9.2 MPa for Mg6Ag. Like for the hardness results, T4 and T6 treatment did not
influence these parameters.
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Fig. 14. Vickers hardness (HV5), ultimate tensile strength, ultimate compressive strength, the
Young’s modulus and (tensile) ductility of magnesium and Mg-Ag alloys. All the HV5, UTS
and UCS values of both cast and heat treated Mg-Ag alloys were found to be significantly
different (marked by an asterisk ‘*’; significance level p < 0.05) when compared with pure
magnesium group.

The Young’s modulus of the alloys was derived from the compressive strength curve,
and the tensile ductility of the alloys was calculated via the tensile strength curve. For
all materials the Young’s modulus was in the range of 45 + 1 GPa which is roughly
double the value for bone. Ductility results demonstrated that the presence of silver
provided a notable improvement in tensile ductility, which was most apparent in the
cast material and grew from 10.6% for pure magnesium to 20.0% for Mg6Ag. After
T4 treatment, the average tensile ductility value dropped for Mg6Ag (from 20.0% to
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18.1%) while it grew in Mg2Ag (from 13.0% to 15.3%). T6 treatment minimized the
difference between the alloys’ ductility further leading to 16.0% for Mg2Ag, 16.9% for
Mg4Ag, and 17.4% for Mg6Ag.

In summary the mechanical parameters showed that heat treated Mg-Ag alloys
exhibited a significant improvement in the mechanical parameter as compared to
pure magnesium, while Mg6Ag was slightly superior to the other materials due to its
highest silver content.

5.3. Optimum of in vitro corrosion testing methods

5.3.1. Comparison and choosing of Corrosion media
5.3.1.1. Effects of Rinsing

Surface elements distribution of samples with and without rinsing after immersion
experiments are shown in Table 5. It can be clearly observed that Na, as well as Cl
almost disappeared after rinsing, which illustrates that all the corrosion products
containing Na and ClI are soluble in water. P and Ca were also reduced by rinsing. In
general, there were fewer visible elements left after rinsing, which proves that rinsing
procedure is effective in removing soluble salts and contamination left by corrosion
medium. It is very important for surface layer analysis.

Table 5. Surface element distributions by atom of magnesium samples immersed in DMEM,
HBSS and SBF, with and without rinsing before XPS measurements

DMEM HBSS SBF
Element Unrinsed  Rinsed Unrinsed  Rinsed Unrinsed  Rinsed
[%] [%] [%] [%] [%] [%]
Mg 12.8 20.6 25.5 22.8 9.4 241
Ca 8.6 4.2 1.8 5.2
Na 1.0 0.2 0.8 0.6 13.1 0.7
O 61.0 60.4 58.7 63.7 57.6 62.0
C 9.5 11.1 8.8 7.3 8.8 13.2
P 6.8 3.3 2.0 5.6 4.0
Cl 0.3 0.2 24 2.0

5.3.1.2. Distribution of Surface Elements

In table 5, elemental distributions for sample surfaces exposed to different corrosion
media are listed by atom ratio. By using XPS survey spectra, different element
distributions on the surface of immersed samples can be observed (Fig. 15).
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Fig. 15. Comparison of XPS survey spectra of Mg surface after immersion in DMEM, HBSS
and SBF

5.3.1.3. Identification of Surface Products

Mg 2p peak spreads from 47.0eV to 52.8eV, which can be fitted by Mg(OH) at
49.3eV, MgO at 50.8eV and MgCO; at around 52.0 eV. The ratio of Mg(OH), to MgO
and Mg(CO); can be calculated by fitting models.

O 1s peak appears from 526.7eV to 535.9eV, having two groups of sub-peaks at
528.4eV and 530.7eV. The sub-peak at 528.4eV can be fitted to MgO, and the sub-
peak centered at 530.7¢eV reflects appearance of OH". PO* and CO;? can be fitted at
around 531.5eV, which can also be proven by P 1s and C 1s spectra.

In the C 1s spectra the sub-peak located at 284.6eV is background simple substance
C 1s peak formed from contamination by organic compounds. This peak is used for
calibration. The C 1s peak at around 289ev to 290eV represents the appearance of
COs* on the surface, corresponding to MgCO; and CaCOj in the corrosion products.

In Ca 2p spectra the higher sub-peak centered at 350eV corresponds to Ca 2p1/2
peak, proving the appearance of Ca salts. The other sub-peak centered at 346.5eV is
2p3/2 peak which can give more details about the structure of the corrosion products.
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|
P 2p peak at 132.9¢eV, the exact binding energy of P in Ca-PO, and Mg-PQ,, further

proves appearance of Cas(PQO,).. It can be also determined from the peak width that
there is small amount of (OH),,(PO4).*".

5.3.2. Protein’s effects on corrosion of Mg-Ag alloys

5.3.2.1. Electrochemical analysis

The average results, and the corresponding standard deviation (S. D., in
parentheses), obtained for the alloys in DMEM are presented in Table 6 and Table 7.
Current densities and corrosion rates were generally reduced when medium with
FBS was used.

Table 6. Average results = S.D. of the electrochemical parameters for the alloys in DMEM.

Corrosion Rate Rp Io Eo vs SHE
Alloys
(mm/yeal’) (Q/sz) (Alcmz) (V)
Mg 0.53 £ 0.09 1116 £ 59 2.34x107° + 2.02x10° -1.50 + 0.07
Mg2Ag 1.13+£0.02 541 +6 4.82x10° + 7.51x107 -1.43 £ 0.05
Mg4Ag 1.29 £ 0.03 492 +5 5.30x10° + 9.02x10° -1.41 £ 0.07
Mg6Ag 1.43 +£0.02 458 + 4 5.96x10° + 5.57x107 -1.40 £ 0.04

Table 7. Average results £ S.D. of the electrochemical parameters for the alloys in DMEM
with 10% FBS.

Alloys Corrosion Rate Rp lo Eo vs SHE
(mm/year) (Q/cm?) (Alcm?) (V)

Mg 0.40 £ 0.05 1270+ 52  2.05%10° + 2.02x10°® -1.50 £ 0.06

Mg2Ag 0.88 £ 0.01 668 + 3 3.88x10° + 7.00x10” -1.42 £ 0.05

Mg4Ag 1.01 £0.03 504 £ 22 5.18x10° + 3.03x10°® -1.41 £ 0.03

MgbAg  1.18 +0.02 495+ 5 5.34x10° + 1.10x10°  -1.38 + 0.05

In the anodic polarization curves of the materials (Fig. 16 and Fig. 17), it is possible
to observe, especially in the linear plot presence of FBS led to a lower slope of the
anodic curve of the materials, and also moved the pitting corrosion potential to
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anodic direction, which demonstrates that the homogeneous and pitting corrosion
both decreased. Anodic behavior of magnesium did not change much indicating that
FBS affects pure magnesium less than alloys.

Mg4Ag and Mg6Ag shows no signs of pitting corrosion in DMEM + FBS viewed from
their cyclic voltammograms (Fig. 20 and Fig. 21). As the distance between the
breakdown potential and the repassivation potential widens, the pitting corrosion
effect caused by the difficulty of repassivation of the partially activated surface is
stronger for the material corroded in DMEM without FBS addition.
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Fig. 16. Current density vs. potential (SHE) curves in logarithmic (a) and linear (b) scale for
studied materials in DMEM.
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Fig. 17. Current density vs. potential (SHE) curves in logarithmic (a) and linear (b) scale for
studied materials in DMEM + 10% FBS.

5.3.2.2. XPS analysis

N element determination is a key parameter to show if protein or ammonic salt
present, yet there is no N element present on all samples’ surface even in trace
amount. In this case, all of N element related peaks are checked (Fig.18).
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Fig. 18. N 1sand N KLL peaks of samples immersed in 3 kinds of media

Table 8. Surface element distributions by atom of magnesium samples immersed in DMEM,
HBSS and SBF, with and without 10% (V/V) FBS addition

DMEM  DMEM  HBSS  HBSS  SBF SBF
Element +FBS +FBS +FBS

[%] [%] [%] [%] [%] [%]
Mg 206 31.6 2238 30.7 24.1 33.6
Ca 4.2 2.7
Na 0.2 0.6 0.3 0.7 1.2
o) 60.4 53.5 63.7 49.2 62.0 51.1
C 11.1 10.2 7.3 12.0 13.2 13.3
P 3.3 2.0 5.6 7.8 0.6
Cl 0.2 0.2

Comparisons of C 1s peak before and after FBS addition can be seen in Fig. 19.
Quantitative analysis also neither shows hints of protein or ammonic products
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present. From the spectra of C 1s, amount of C element in carbonate form can be
also calculated.
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Fig. 19. Comparisons of C 1s spectrum before and after FBS’s addition
* Lines in red are samples in pure media (without FBS).

5.4. Corrosion properties of Mg-Ag alloys

5.4.1. Corrosion properties of cast materials

5.4.1.1. Electrochemical tests

The average results, and the corresponding standard deviation (S. D., in
parentheses), obtained for the alloys in DMEM +FBS are presented in Table 6 and
Table 7. The highest corrosion rate, exchange current density and lowest polarization
resistance was observed for Mg6Ag. This means that Mg6Ag has the highest general
corrosion rate. With increasing silver content, Mg-Ag alloys become less resistant
from the homogeneous corrosion’s point of view.

The cyclic voltammograms of the studied alloys in DMEM (Fig. 20) show that
magnesium and Mg-Ag alloys both have hysteresis behavior. This indicates that the
material underwent pitting corrosion to some extent in cell culture circumstance.
However, it is possible to see that as more silver content added, the alloys acquire
more pitting corrosion susceptibility.

In the anodic polarization curves of the materials (Fig. 16 and Fig. 17), it is possible
to observe, especially in the linear plot, that the anodic behavior of the alloys Mg4Ag
and Mg6Ag are similar, whilst Mg2Ag is more similar to that of pure magnesium, as
the curve slope is identical. A gradually changed slope from Mg to Mg6Ag is related
to increasing content of Ag in alloys. Oxidation state changes are responsible for the
shift of break down potential in the anodic direction near -0.9 V of all alloys.

The cyclic voltammograms of the studied alloys in DMEM + FBS are depicted in Fig.
21. Different from the corrosion behavior in DMEM, Mg4Ag and Mg6Ag shows no
signs of pitting corrosion in DMEM + FBS, whilst Mg and Mg2Ag both have slight
increases in the current density of the reverse scan, which hints their hysteresis
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behavior is more pronounced than Mg4Ag and Mg6Ag. The pitting potential of Mg
and Mg2Ag as well as the repassivation potential are more cathodic than Mg4Ag and

Mg6Ag. This means that they are less susceptive to pitting corrosion than Mg and
Mg2Ag.

Current Density / Acm?

Potential /V

Fig. 20. Comparison of the cyclic voltammetry curves for the studied alloys in DMEM. The
arrow shows the direction of current after changing the polarization direction.
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Fig. 21. Comparison of the cyclic voltammetry curves in DMEM + 10% FBS. The arrow
shows the direction of current after changing the polarization direction.

The typical micrographs of cast Mg-Ag alloys taken by optical microscopy are shown
in Fig. 22. The alloys have fine grains of a size of 0.2 mm to 0.6 mm. In the grains,
the secondary dendrites are also observed. Some eutectic phases formed during the
solidification along the grain boundaries. Representative SE images of the specimen
surface morphology before (reference) and after corrosion testing are illustrated in
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Fig. 22. Corroded surfaces showed light parallel scratches due to the grinding
process. Second phases were identified as mainly Mgs;Ag/MgssAg+7, and corrosion
products around pits and cracks consist of MgO and Mg(OH)..

Fig. 22. Metallic microstructure of the alloys analysed by optical microscopy: Mg2Ag,
Mg4Ag and Mg6Ag from the left.
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Fig. 23. XPS survey spectra of experimental surfaces after exposure in DMEM + 10% FBS.
Mg 2p and Ag 3d core level spectra, Mg, Ag and CIl elemental distribution and typical
corrosion surface SEM patterns are presented together.
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5. Results

All the 4 materials displayed an irregularly distributed non-circular concavity pattern
after corrosion testing in DMEM, while Mg and Mg2Ag demonstrated deepened
surface. Homogeneous and pitting corrosion were both observable after immersion
for Mg2Ag in DMEM with FBS, while Mg4Ag and Mg6Ag show only minor signs of
pitting corrosion.

5.4.1.2. Corrosion products analysis

In Fig. 23 elemental distributions for sample surfaces after exposure to DMEM + 10%
FBS are illustrated by using XPS survey spectra, in which Mg 2p and Ag 3d peaks
were selected to make a high resolution scanning. Mg, Ag and Cl atom ratio was
calculated by peak signal integration.

For magnesium products on the surface of all materials, Mg 2p peak spreads from
47.0eV to 52.8eV, which can be fitted by Mg(OH) at 49.3eV, MgO at 50.8eV. Besides,
MgCO; and Cl- Mg-(OH) are also present. AgCl as the dominant silver containing
corrosion product is present in the corrosion layer of each alloy. With increasing
amount of silver in the alloys the atomic ratio found in the corrosion layer rises from
1.05% in Mg2Ag to 1.64% in Mg6Ag. When more silver was added, the amount of
magnesium products drops to around 17 at% in alloys compared with pure
magnesium. While most alloyed silver in a phase formed AgCl as corrosion product,
a certain proportion of silver remained in metallic compound status during the
electrochemical corrosion acting as dispersed cathodes.

5.4.2. Effects of heat treatment on corrosion properties

5.4.2.1. Electrochemical tests

The single sweep voltamograms of the materials (Fig. 25) and their average
corrosion rate (Fig. 26), while the SEM images of treated samples obtained from the
materials measured in DMEM with 10% FBS at 37° C and 5% CO, (cell culture
conditions) are presented in Fig. 24.

The highest corrosion rate, exchange current density and lowest polarization
resistance was observed for casted Mg6Ag, which showed a corrosion rate of 1.43
mm/year. With increasing silver content, Mg-Ag alloys become more susceptible to
corrosion regardless of heat treatment status. However, the corrosion properties
were significantly improved especially by T4 treatment. The lowest degradation was
observed for T4 treated Mg2Ag which exhibits a corrosion rate of 0.343 mm/year
which is much lower than pure casted magnesium (0.534 mm/year). As there was no
phase transformation in pure magnesium, its corrosion rate did not vary after T4 heat
treatment (from 0.534 mm/year to 0.519 mm/year).

In the anodic polarization curves of the materials (Fig. 25) show that the anodic
behavior of the casted Mg4Ag and Mg6Ag alloys were similar, while the Mg2Ag
curve was more comparable to pure magnesium.
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Pitting corrosion

Mg2Ag, T4

Mg, T6 | [EELITUM] Mg2Ag, T6

B phases
(Mg,Ag / Mgs‘A‘gﬂ)

#

2
MgO /Mg(OH),

i

Mg4Ag, cast Mg6Ag, cast

Mg4Ag, T4 |  Mg6Ag, T4

Mg4Ag, T¢ | IETLIN MmgeAg, T6

Fig. 24. SEM images after electrochemical tests. Susceptibility to localized corrosion was
reduced as increasing content of silver. T4 treatment was proved greatly effective on
decreasing alloys’ corrosion rate.
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Fig. 25. Single sweep voltammograms of the tested materials. Susceptibility to localized
corrosion was reduced with increasing content of silver. T4 treatment was proved greatly
effective on decreasing alloys’ corrosion rate.

A gradually changed slope from Mg to Mg6Ag was related to increasing content of
Ag in alloys. Oxidation state changes were responsible for the shift of break down
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potential in the anodic direction near -0.9 V of all alloys. Heat treatment showed no
significant influence on open circuit potential of all materials, but the exchanging
current density was shifted to lower level, which stands for the change in the
corrosion rate.

The combination of representative SEM (SE) images (Fig. 24) with EDX analysis
showed that the corrosion products around the pits and cracks mainly consist of MgO
and Mg(OH),. All the four cast materials display irregularly distributed non-circular
concavity patterns after corrosion testing. In addition Mg and Mg2Ag also show deep
cavities. Both, homogeneous and pitting corrosion were observed after immersion of
casted Mg2Ag, while casted Mg4Ag and Mg6Ag showed only minor signs of pitting
corrosion. Both T4 and T6 treatment exhibited evident effects on reducing pitting
corrosion especially to Mg4Ag and Mg6Ag. Compared to T4 treatment, T6 treated

samples presented less smooth surface due to small amount of re-precipitated 8

phases.
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Fig. 26. Fitted corrosion rate of the tested materials. T4 treatment was proved greatly
effective on decreasing alloys’ corrosion rate.

From the corrosion point of view the T4 treated Mg2Ag was the best material.
Though from a mechanical point of view Mg6Ag was the most promising material we
consider corrosion the more crucial. Therefore we continued the following
experiments with T4 samples only.

5.4.2.2. Corrosion products analysis

In order to better understand the corrosion behaviour of the materials under near
physiological conditions a detailed composition analysis of the corrosion layer of T4
treated materials was performed.
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As an example Fig. 27 shows a SEM image of a perpendicular cut (side-view)
through the corrosion layer of T4 treated Mg2Ag. In order to acquire in-depth
information about the composition of the surface corrosion layer, XPS analysis and
ion gun ablation was used. Thus three levels were produced: The first level was the
original specimen surface after immersion in DMEM. After removal of two times
approximately 3 ym a second and a third XPS analysis respectively was performed.
We thus obtained XPS spectra for 0, 3 and 6 um depth of the corrosion layer (Fig. 27
and 29). The elemental distributions were illustrated by using XPS survey spectra. In
addition Mg 2p Ag 3d and C 1s peaks were selected for higher resolution scanning to
identify corrosion products’ compositions (Fig. 28). The vertical distribution of
corrosion products in T4 treated Mg2Ag was calculated by peak signal integration
(Fig. 29) using the software Casa 2.3.15.
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Fig. 27. Side view SEM images of T4 treated Mg6Ag corrosion layer after immersion in
DMEM with FBS for 72 h. The corrosion layer’s thickness was ca. 35 um, of which the top
three layers with ca. 0 um, 3 um and 6 pum depth from the surface were analyzed by XPS
depth profiling measurement.

Two notable trends can be seen in the surface corrosion layer of all materials: (1)
carbonate salts are only found at the very surface and (2) the atomic ratio of
magnesium corrosion products increase in deeper levels. A summary of the surface
XPS analysis of all T4 treated materials are presented in Fig. 30. For magnesium
corrosion products on the surface of all materials, the Mg 2p peak spreads from
47.0eV to 52.8eV, which can be fitted by Mg(OH), at 49.3eV and MgO at 50.8eV
[183]. Besides, MgCO3; and Mg (OH)CI were also present. AgCl as the dominant
silver containing corrosion product is present in the corrosion layer of each alloy.
With increasing amount of silver in the alloys the atomic ratio found in the corrosion
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5. Results

layer rises from 1.5% in Mg2Ag to 5.8% in Mg6Ag. This is a little less than originally
found in the alloy. With higher silver content the amount of magnesium products
dropped to around 83 at% in Mg6Ag. While the majority of the alloyed silver in the a
phase formed AgCl as corrosion product, a small proportion of metallic silver
remained acting as dispersed cathodes during the electrochemical corrosion.
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Fig. 28. High resolution XPS depth profiling spectra of Mg 2p, Ag 3d and C 1s core energy
levels for the corrosion layer of Mg2Ag.

Mg(OH), MgO MgCO; Mg-(PO,) CaCO; Ca-(PO,) AgCl

(At%)  (At%)  (At%)  (At%)  (At%)  (At%)  (At%)

Level1 332 18 4.9 21 233 167 1.8
Level2 541 202 03 5.2 5.9 8.9 5.4
Level3 584 20 0.1 4.6 4.3 6.8 5.8

Fig. 29. Corrosion products vertical distribution counted by Mg/Ca atom amount in the
corrosion layer of Mg2Ag.
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Fig. 30. Compositions of surface corrosion products counted by Ca / Mg atom in all four T4
treated materials derived from XPS surface layer analysis.
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5.4.3. Immersion tests

Gas bubbles gathered and released from the samples’ surface at the first hours,
however quite few gas bubbles could be observed after 12 hours of immersion. The
gross morphology and comparison of the corrosion surfaces via SEM BSD patterns
of the T4 treated samples after immersion tests is depicted in Fig. 31. All Mg-Ag
samples showed black corrosion layers with white precipitates of various sizes while
the magnesium sample surface was almost completely white.

Fig. 31. Corrosion morphology of the T4 treated samples immersed in DMEM with FBS for
72 h and SEM (BSD) images for corroded surfaces of according material.

The outer corrosion layers of the samples mainly consisted of MgO / Mg(OH), by
EDX, and the different outlooks were formed by different density and thickness of the
corrosion products.

The precipitates were not water-soluble as rinsing with deionized water did not alter
the morphology. Viewed from SEM images, the corrosion product “blocks” on the
magnesium surface were bigger than those of the Mg-Ag alloys, as a result of finer
grain size in alloys than pure magnesium. The osmolality, pH and magnesium and
silver ion concentration of the corrosion media were measured prior and after the
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5. Results

immersion period. The results are exhibited in Fig. 32 and 33. The value of pH and
increase in magnesium ion concentration of the media after immersion with alloys
were quite similar to the corresponding value for pure magnesium, while the
osmolality value decreased compared to pure magnesium which hinted the corrosion
rate was reduced with presence of silver content. The silver ion concentrations in the
corrosion media were negligible and showed a small increase corresponding to the
higher content of silver in the alloys.
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Fig. 32. Summary of pH and osmolality value after immersion tests. ‘*’ means significance
level p < 0.05 while “#’ stands for significance level p > 0.05.

105
wIncrease of [Mg2+] s Increase of [Ag+]

[
o
o

(1n1owr) [+zB] o eseasou|

104 LC50 of [Ag+] for MG-63 and RAW-264.7 celis = ca. 10 pM

L]
(=
Qo

10° I I 1 ]
# # i

p=Y
w
o

-
(=]
o

-
(=]

o

=]

Increase of [Ag+] (nMol/L)

o

Mg Mg2Ag Mg4Ag  Mg6Ag

Fig. 33. Summary of changes in Mg®* ion concentration and Ag* ion concentration after
immersion tests. The differences of Mg* concentration increase between alloys and pure
magnesium group were not significant (marked by a number sign “#’; significance level p >
0.05). Ag" concentrations after immersion with the alloys were all far lower than the LC50 of
MG-63 and RAW 264.7 cells.
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5. Results

5.5. Cytocompatibility

5.5.1. Silver ion cytotoxicity testing

Silver nitrate was used to examine differences in reaction of the different cell types
and concentrations from 1 nM up to 100 mM were tested. Viability of the cells was
calculated as percent of control group (n=16 for each concentration). LC50 were
determined to be at 11.0 uM for MG-63, 9.0 uM for RAW 264.7 and 400 uM for
HUCPV (Fig. 34). Presence of nitrate showed no influence on cell viability according
to MTT test, which warranted the cytotoxicity results only reflected the cellular
response to silver ions. The following long term cytotoxicity tests under the LC50
confirmed the LC50 concentrations got from MTT tests. Considering the silver ion
release results from immersion tests (Fig. 34), the silver ion concentrations in media
after immersion were lower than LC50 of tested cells for several orders of magnitude.
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Fig. 34. Cytotoxicity of silver ion result. LC50 was determined to be at 11.0 uM for MG-63
cells, 9.0 uM for RAW 264.7 cells and ca. 500 uM for HUCPV cells by MTT cellular
viability tests
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From this point of view, T4 treated Mg-Ag alloys exhibited no cytotoxicity to MG-63,
RAW 264.7 and HUCPV cells when immersed in cell culture media under cell culture
conditions.

5.5.2. Cell adhesion tests

A long term cytotoxicity and cell adhesion test over 14 days where human
osteoblasts were grown directly on the specimen (Fig. 35) showed survival rates
between 95 and nearly 100% (on Mg2Ag). Recalculating the silver ion release
results from the immersion tests we find ca. 10 nM , the silver ion concentrations in
media were by several orders of magnitude lower than the LC50 of MG-63 and RAW
264.7 cells. From this point of view, T4 treated Mg-Ag alloys can be considered to be
non-cytotoxic.
Mg Survival rate: Survival rate:

Mg2Ag
$5.20% * 0.20% 99.30% t 0.20%

=wSurvival ratei.,
96.10% £0.30%

MgdAg Survival rate: '_‘W MQGAQ;‘
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Fig. 35. Fluorescent microscope images and survival rates of human osteoblasts cells after 72
hs incubation on tested materials. Cells were stained with a LIVE/DEAD cell assay, where
living cells are labeled green and dead cells red.

Furthermore, cell adhesion is directly related to cells reaction to material surface. Fig.
36 represent the SEM micrographs of human osteoblast cells on T4 treated Mg-Ag
samples. Cell attachment and spreading on alloys was even better than on
magnesium surface as can be seen from the SEM figures. From the SEM patterns, it
could also be revealed that viability and seeding density were considerably higher on
Mg-Ag alloys than pure magnesium.
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Fig. 36. SEM micrographs of human osteoblast cells adhesion on T4 treated samples (a, b, ¢
and d).

Although Mg6Ag samples had higher corrosion rate than the other two alloys, it did
not show more negative effects on cells’ adhering according to the range of cellular
extension.

5.6. Antibacterial properties

To analyse if the silver concentrations were still high enough to have an antibacterial
effects the amount of adhering bacteria and their vitality on Mg-Ag alloys were
compared with the corresponding values on Ti, glass and pure magnesium. The
viability of the bacteria was calculated as percent of the total adhering amount. In
average for titanium, glass, magnesium, Mg2Ag, Mg4Ag and Mg6Ag 49.8%, 52.2%,
36.0%, 27.5%, 21.4% and 16.5% respectively viable adhesive bacteria were found
(Fig. 39). Compared to titanium and glass, Mg-Ag alloys showed a 50-75% reduction
of adherent bacteria. The tendency of increased antibacterial activity with increased
silver atomic ratio in alloys was observed and Mg6Ag was identified as most potent
antibacterial material.

The CLSM micrographs visualizing life/dead stained adherent bacteria on the
materials in the bioreactor are shown in Fig. 37 and 38. The bacterial colonization
was relatively homogenous over the entire sample surface which ensured
representative micrographs.
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Fig. 37. Morphology of reference materials, Ti and glass, surfaces after bacteria adhering tests
in the bioreactor by CLSM (wave length = 488 nm) analysis. Bacterial films were
fluorescence stained: green color for living bacteria; red color for dead bacteria.

Fig. 38. Morphology of T4 treated material surfaces after bacteria adhering tests in the
bioreactor by CLSM (wave length = 488 nm) analysis, with according 3D reconstruction
images. Bacterial films were fluorescence stained: green color for living bacteria; red color
for dead bacteria. Crystal structures were generated by corrosion products.
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Crystal-like structures were observed on some samples which were generated by
corrosion products. Ti and glass samples exhibited little visible influence on
bacteria’s viability, while had flatter surface due to no corrosion happened. The
CLSM patterns also confirmed that the antibacterial activity is correlated with the
silver content. Mg6Ag was more effective than Mg4Ag > Mg2Ag > magnesium, and
all alloys demonstrated far higer effectivity than glass and titanium.
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Fig. 39. Comparison of adhering bacteria number and their viability on studied materials.
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6 Discussion

Degrading Mg-Ag alloys so far have not been used for biomedical applications.
Therefore the newly produced materials had to be characterized for their mechanical
and corrosion properties and selective toxicity with respect to bacteria.

6.1. Microstructure of Mg-Ag alloys

The improved cooling processing at the end of the casting ensured a grain-refined
and purified material was produced [184]. Due to the relatively slow cooling rate of
the casting process, the structure of the sample consists of coarse equiaxed grains
rather than columnar grains. Viewed from microstructure pictures, silver had a grain
refining effects itself. As a result, the microstructure of the investigated cast Mg-Ag
alloys consisted of small grains of a size of 350-600 ym which were much smaller
than cast pure magnesium [185], and heat treatments did not bring visible grain
growing. Fig. 9 depicts the microstructure of the cast alloys, in which Mg-Ag
secondary phases are indicated. Compared with pure magnesium the grain size was
reduced which could bring better mechanical properties [186], and this effect was
also proven by mechanical results (Fig. 13 and 14). The secondary phases and
dendrites can be observed inside the grains, and additionally eutectic phases. This
distribution indicates that the corrosion properties of the alloys could be further
improved by heat treatment including solidification and aging [187].

The as-cast Mg-Ag alloys microstructures had typically a primary a-Mg matrix and
eutectic phases distributed along the grain boundaries (Fig. 10). Besides the
influence of secondary phases and eutectic structure, the bigger grain size in pure
magnesium compared to alloys also made it more corrosion resistant than the other
cast alloys [188]. Phase identification analysis via both EDX and XRD were carried
out towards cast alloys because they contained higher ratio of secondary phases
than heat treated materials. XRD results showed no visible formation of other
secondary phases besides MgsAg and MgssAg+7 phases, between which Mg,Ag was
dominant because of magnesium rich environment. The close-up SEM patterns in
Fig. 10 and 12 clearly demonstrate that the eutectic consists of large -
Mg,Ag/Mgs,Ags7 phase particles and the eutectic a-Mg phase. Microstructure of the
alloy was changed during the process of heat treatment. The T4 heat treatment
dissolved the B phases and produced a microstructure consisting of the saturated a-
Mg phase, while quite few tiny residual B phases were still observed especially in T4
treated Mg6Ag (Fig. 12). During T6 process, B phases precipitated randomly along
the grain boundaries and inside grains of the a-Mg phase. Despite of the large
atomic size of silver atoms, aging treatment still made some silver atoms diffuse
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towards grain boundaries to form precipitates of  phases. This process reduced the
silver concentration in the a-Mg matrix, which induced changing of mechanical and
corrosive properties.

6.2. Mechanical properties

The presented measurements show that silver containing secondary phases have
positive effects on mechanical properties. Hardness, tensile and compressive
strength of Mg-Ag alloys achieved significant improvement compared to pure
magnesium in both cast and heat treated status. The lowest hardness was observed
in pure magnesium, while more secondary phases and dendrite structure (Fig. 10)
led to higher hardness with increasing silver content regardless of heat treatment
status. Compared to pure magnesium the increase was significant in all cases. This
phenomenon revealed that size and distribution of the secondary Mg-Ag phase could
reinforce the overall hardness. Mechanical performance of T4 treated alloys is
attributed to effects of solution strengthening, while the loss of some mechanical
performance is due to dissolving of B phases [189]. This is confirmed by the increase
of hardness after T6 treatment by the re-precipitated secondary phases.

The Young’s modulus of Mg-Ag alloys maintained nearly constant regardless of
compositions and heat treatment. The uniform Young's modulus of all tested
materials reduces difficulties when choosing proper materials for specific use for
bone applications [4]. Ductility of all Mg-Ag alloys was higher than for magnesium
either before or after heat treatment due to the presence of silver atoms in the
metallic matrix [190]. Since the Vickers hardness of cortical bone is reported to be
about 49.8 [191], the T4 and T6 treated Mg-Ag alloys are approaching the
characteristics of the natural bone with an ultimate compressive strength of 130-180
MPa [4]. However, tensile tests exhibited for Mg6Ag an ultimate tensile strength of
almost double value (220-230 MPa) than cortical bone [4]. The mechanical
characteristics indicate that heat treated Mg-Ag alloys could be suitable as
biomaterials for larger degradable implants especially in load bearing applications.
According to the microstructure of T6-treated alloys (Fig. 9 and Fig. 12), further
improvement in tensile and compressive strength could be expected via increasing
amount of re-precipitates, which could be achieved by prolonging aging time. This
option extends the application range of Mg-Ag alloys and makes them more
adjustable for specific needs.
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6.3. Optimum of in vitro corrosion testing methods

6.3.1. Corrosion media
6.3.1.1. Effects of Rinsing

The pure Mg sample without rinsing in water gives a more fluctuant XPS spectrum
than the sample with a cleaning procedure prior to the measurement (Fig. 40). The
Mg 2p peak of unrinsed samples distributes in a very wide range from 46.9eV to
54.2eV binding energy, with obvious impurity background and a lot of sub-peaks. The
peak can be fitted by many different supposed binding types including Mg(OH).,
MgO and other salts. For the Mg 2p spectrum of the rinsed sample, the peak is much
smoother and sharper and locates from 47.0eV to 51.8eV. This peak sharply splits to
only 2 sub-peaks, which can be fitted exactly by Mg(OH), at 49.3eV and MgO at
50.8eV.[192] From the comparison, it is obvious that rinsing after immersion
experiments is a necessary procedure to remove surface soluble products and other
contaminations formed during immersion, and the all of the following analyses are
based on rinsed samples.

6.3.1.2. Comparison of corrosion products in different media

Compared with the sample in DMEM, the sample in HBSS has no calcium products
on its surface. This is due to the choice of calcium and magnesium free HBSS. The
element distribution on the sample immersed in SBF showed there is only very few
Na and P on its surface, besides which only Mg, O and C elements appears. An
interesting observation is the total clearance of Ca by rinsing on SBF-treated
samples, whereas on the surface of samples treated with DMEM still a high amount
of calcium can be found.
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Fig. 40. Comparison of Mg 2p XPS spectra between Mg surfaces after rinsing (left) and not
rinsed (right) after immersion in DMEM
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The appearance of MgO on all samples is due to the formation of a thin
MgO/Mg(OH), layer, which is transparent to electrons and allowing the electrons to
reach the conduction band of water.[193] The formation of Mg(OH), is a normal
corrosion product if magnesium gets in contact with aqueous solutions.[194]
Moreover, in all samples the formation of MgCO3; could be observed, which can be
attributed to the environmental conditions. Fitting models to Mg 2p peaks of different
samples are compared in Fig. 41.

The cations of those phosphates and carbonates can be determined from their
binding energy. In most of cases Mg(OH), appears as dominant surface product due
to its low solubility compared to Mg phosphates and carbonates.
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Fig. 41. Mg 2p spectra of Mg sample immersed in DMEM, HBSS and SBF

Due to magnesium corrosion the medium becomes alkaline, therefore CaO and
CaHPO; cannot be generated, while CaHCO3; and Ca(OH), can neither be left on the
surface because of their solubility. Alkaline Ca salt in the form of Ca®" in Can(PO4)
n(OH)x and CaCOj; are the most possible corrosion products on the surface, which
can also be supported by O 1s and C 1s spectra.

6.3.1.3. Quantitative Analysis

According to Mg 2p spectrum of Mg sample immersed in DMEM, three observable
compound peaks were fitted to Mg(OH),, MgO and MgCOQOj;, with the ratio of
71%:8%:5%. The rate of COs% to Carbon C is 69%:31% by C atom. As the total C
element takes 11% by atom out of all surface products, the CO;? form of C takes 7%
by atom out of all surface products. The rate of PO,* and CO5% is 12%:9% calculated
by P 2p and C 1s peak fitting. This rate exactly meets the element distribution of the
survey spectrum.

Samples immersed in HBSS show 4 measurable elements on the sample surface: C,
O, Mg and P. According to Mg 2p and O 1s spectra, MgCQO3;, Mg,(PO,), and
Mg(OH), are present on the surface as dominant corrosion products, at the rate of
13%:24%:55% by Mg/Ca atom, while a small amount of MgO (8%) is also present. In
HBSS the original pH value is around 7.4. During immersion under cell culture
conditions it first drops to around 6.6 and as immersion is proceeding, the pH value
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will go higher to alkaline direction, which leads to the formation of MgCOs,.
Yamamotos calculation also proved it. [195] The ratio of MgCO3/Mgn(PO,), by
Mg(OH), is supported by O1s spectra as well, the peak model has been published
before.[183]

From sample element distribution immersed in SBF (Table 9), it can be determined
that only Mg, O and C elements are present on the sample surface (with a trace
amount of Na and P within error tolerance). Using the same fitting model as for the
samples immersed in HBSS and DMEM, the Mg surface products are fitted to
Mg(OH),, MgO and MgCO; according to Mg 2p and O 1s spectra, at the rate of
71%:10%:19% (Mg(OH),:MgO: MgCQOs;). It can be calculated from C 1s spectrum
that, C in carbonate form takes 5% of overall atoms on the surface, and this amount
matches the MgCO; calculation as well. Surface product species and their ratio are
summarized in Table 9.

Generally, it is usually found that the corrosion is slowed down in animal trials by
several orders of magnitude as compared to in vitro tests with standard laboratory
corrosion solutions [8]. In vitro corrosion experiments with relatively simple corrosion
solutions show the formation of a layer containing calcium, phosphorous, magnesium,
and oxygen, which is assumed to be corrosion protective and osteoinductive. [196-
197]

Table 9. Surface products components by Ca/Mg atom in different media

_ Mg(OH), MgO MgCO; Mg-(PO.) CaCO;, Ca-(POy)
Media [a] [a]
[%] [%] [%] [%] [%] [%]
DMEM  71% 8% 5% 4% 12%
HBSS  55% 8% 13% 24%

SBF 71% 10% 19%

[a] Mg-(PO.) and Ca-(PO,) here referring to Mg/Ca atoms binding to PO,

The corrosion behaviour in SBF (Simulated Body Fluid) or other standard electrolyte
solutions (Hank’s balanced salt solution HBSS, phosphate buffered saline PBS etc.)
was explained by the high amount of chloride in the corrosion media which leads to
high corrosion rates.[154, 198] Already the composition of SBF may lead to different
results and despite its abundance in literature there is an ongoing discussion about
the usefulness of such fluids. However, not only the choice of the corrosion solution,
but also the corrosion environment is very important. Therefore we choose cell
culture conditions with a continuous supply of CO,. This approach takes into account
the buffering system based on the sodium bicarbonate system, which is present in all
three solutions. Under standard cell culture condition with CO, flow addition, pH
value’s changing of samples immersed in different corrosion medium was monitored
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by an online system, and the results can be drawn in Fig. 42. pH value varied in a
very small range (difference around 0.5 to 0.7), and this stable pH environment is
crucial to keep immersion results credible. In this experimental condition, carbon
dioxide introduces the formation of H,COjs, which is the substrate for magnesite
formation:

H, + CO; «» H,CO3 + HY (Eq. 7)
Mg(s) + H.COs(aq) «» MgCOs; + Ha(g) (Eq. 8)

Due to the dissociation of sodium bicarbonate:
NaHCO; < Na* + HCO3 (Eq. 9)

The equilibrium of the carbon dioxide system is shifted to H,COj; giving rise to further
magnesite production. Due to this fact the buffering capacity even of small amounts
of immersion medium is higher than for experiments performed without CO..
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Fig. 42. The change of pH values in three corrosion media as a function of immersion time

Still these experiments are far away from the realistic environment of e. g blood
which is a very complex mixture of organic and inorganic molecules. Thus, the in
vitro corrosion results obtained from different literature are not really comparable with
data obtained in vivo, even for the same material. Further studies should include the
analysis of e.g. proteins or the introduction of flowing conditions to maintain a stable
pH, and the direct comparison of in vivo with in vitro data have to be performed to
eventually find a correlation.
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Contamination during immersion and soluble salts covering the surface may induce
inaccurate XPS results. It was proven that rinsing is a necessary procedure after
immersion experiments before carrying out surface analysis. MgO, Mg(OH),, and
MgCO; species as the dominant corrosion products are present in all specimens
despite of the different corrosion media. However the ratio of corrosion products
depends on the medium composition. Compared with immersion in DMEM, surface
products after immersion in HBSS and SBF exclude Ca; while compared with
immersion in DMEM and HBSS, surface products after immersion in SBF nearly
exclude P. HBSS is the simplest solution and by far not comparable with tissue fluids
or blood, whereas SBF only reflects the inorganic part of blood. DMEM could be a
more reliable medium due to the addition of organic compounds. Moreover, the
influence of proteins has to be taken into account. These results may help predict
magnesium corrosion behaviour and corrosion products in an in vitro biomaterial test,
and also provide a standard to evaluate which medium is more proper when applied
in a certain test.

6.3.2. Effects of protein
6.3.2.1. XPS analysis

Compared with samples in pure media, elemental Mg is present besides MgO,
Mg(OH), and MgCOs;. An increase in Mg can be determined after addition of FBS,
regardless of different media. Fitting models of Mg 1s peak of each sample in media
with FBS can be seen in Fig. 43. Elemental Mg may be present because corrosion
layers became thinner when serum was added. In this measurement, the products in
ca. 70nm depth were determined. While little elemental Mg can be found in samples
with pure media, much more Mg was detectable in samples with media and FBS.
The thinner the corrosion layer was, the more element Mg can be found; this can be
proven by the samples immersed in human blood with profile measurement (depth
scan).

Addition of FBS decreased the amount of oxygen but did not change its compound
species and ratio in each medium. Real C element amount (in CO,%) neither change
in each medium after FBS addition, although in HBSS overall C element increased
(Fig. 43).

Calcium is only present in DMEM (Fig. 44), and after addition of FBS, only Ca-PO,
was left while CaCO; totally disappeared. This is maybe because magnesium
became much more released after FBS addition, and all carbonate generates MgCO3
instead. The reason for in SBF P element is missing despite of big amount of PO, in
the SBF, maybe related to the chemical form of PO,%. According to the three media’s
compositions and XPS analysis result, generation of phosphate was mostly related
with the concentration of H,PO, rather than HPO,%. Ca-PQ, is generated prior to
Mg-HPO43' and in case of DMEM, it did not matter whether FBS was added or not.
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6. Discussion
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Fig. 43. Fitting models of samples Mg 2p spectrum in media without and with FBS
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Fig. 45. Comparisons of P 2p spectra in DMEM and HBSS
* Lines in red are samples in pure media (without FBS).
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The amount of P is always strictly following Ca amount in fixed rate of ca. 1:1.4, and
analysis of P 2p spectra proved that all phosphate is incorporated to Ca-PQO, binding,
and P 2s peak at 189 eV also support this. To the case of HBSS, absence of Ca
made Mg-PO,generated and protein seems to increase this trend. Comparisons of P
2p spectra in DMEM and HBSS can be seen in Fig. 45.

Na element in surface products of all samples is lower than 1.2%, due to media
remnants. According to element distribution they may belong to NaCl and Na,COs.

The possible principle how FBS decreases corrosion rate is that: attachment of
protein made effective anodic areas smaller, therefore the exchanging current
became less and the corrosion rate was slower than in pure cell culture media. As a
result, corrosion layer became thinner due to less corrosion product generated.
There was another interesting point that metallic Mg rised next to the other corrosion
products. This phenomenon showed that the corrosion happened inhomogeneously
on the surface, and cracks and gullies were generated during corrosion.

6.3.2.2. Electrochemical analysis

From the electrochemical and microscopy results obtained, it is clear see that
presence of protein (FBS) reduced homogeneous corrosion and pitting corrosion
simultaneously

The corrosion experiments with proper electrolytes are recognized as key factor by
many studies, especially for an in vitro test of a biomaterial. Different electrolytes may
introduce much incommensurable results from different experiment [38]. In this study,
addition of FBS into DMEM was chosen as physiologically relevant environment, as
serum containing protein was shown to play a quite important role in bio-corrosion
[199-200]. Presence of FBS decreased the materials general corrosion rate
regardless of their component. In terms of pitting corrosion, the introduction of FBS
also inhibits pitting dramatically. Hypothetically, a layer of protein could be formed
above the corrosion oxidation layer, which restrains exchange of ions between
electrolyte and material surface. Due to lack of electron supply, the cathodic area
would be slowed down, and consequently the anodic area is beneficial for lower
corrosion rate. While the ionization process is controlled, the fresh anodic area in the
bottom of the pits gains time to regenerate a new oxidation layer, therefore pitting
corrosion is minimized when protein is present. This result may also explain why
some in vitro and in vivo corrosion studies show much lower corrosion rates in the
presence of proteins or when corrosion tests were performed in an animal [10, 199].

DMEM and FBS applied in this study could be a more reliable medium due to the
addition of organic compounds in comparison of other electrolyte in an in vitro test.
Compositions of electrolyte have also been verified as an important factor to evaluate
corrosion properties of degradable materials [201].
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6. Discussion

6.4. Corrosion properties of Mg-Ag alloys

Beside the mechanical parameter two additional aspects are important: the corrosion
of the material which of course is correlated to the microstructure and its selective
antibacterial activity which should only be caused by the Ag release and not by a too
high corrosion rate which results in high pH values and an intolerable increase of ion
concentration in general.

6.4.1. Corrosion properties of cast materials

6.4.1.1. Electrochemical behavior

From the electrochemical and microscopy results obtained, the following points are
essential: (1) both the cathodic and anodic behaviors of the alloys are mostly due to
the silver content of the alloys; (2) the general corrosion rates of the four alloys
increases as follows: Mg < Mg2Ag < Mg4Ag < Mg6Ag; (3) the pitting corrosion
susceptibility of the four alloys increases as follows: Mg >Mg2Ag >Mg4Ag > Mg6Ag,
which may be a hint that higher silver content may retard pitting corrosion in cell
culture medium. The pitting corrosion resistance seems to be related to higher silver
content. The lower pitting susceptibility of Mg4Ag and Mg6Ag is easier to visualize in
comparison to the other two alloys especially in DMEM with FBS, as in Fig. 20 and
21, where the cyclic voltammograms of the four alloys in DMEM and FBS are
presented together.

Pure magnesium as a reference material exhibited the lowest corrosion rate in both
media. However, magnesium was observed to be more sensitive to pitting corrosion
than the other three Mg-Ag alloys. Compared with pure magnesium, Mg-Ag alloys
have different electrochemical behavior due to their silver component. Mg2Ag has
the lowest silver content of the three alloys and in the curve a slope in the anodic
area (Fig. 16 and Fig. 17), but it still has an intense current density increase over
pure magnesium.

Mg4Ag and Mg6Ag are obviously influenced by the content of silver by an
acceleration of the general corrosion rate. Considering that Mg6Ag contains thrice
the silver amount of Mg2Ag, their general corrosion rates are not exceeding 40%
either in DMEM or in DMEM + 10% FBS (table 6 and table 7). This trend indicates
that the correlation of silver amount to general corrosion is generally linear, and the
fitting results can be found in Fig. 46.

For the assessment of the electrochemical behavior of biodegradable alloys it is
necessary to go beyond the anodic polarization measurements to the cyclic
measurements as it is then possible to evaluate the pitting corrosion susceptibility.
The single sweeps are necessary because they are the tool that gives the knowledge
about corrosion behavior and how silver content of the alloy affect it [202]. From the
pitting corrosion point of view, it seems that the higher the silver content of an alloy,

Tie, Di: Antibacterial Mg-Ag Biodegradable Alloys 81

e e



the more possible it is to conceive a stable material. Therefore, it seems advisable to
pay attention to the principle how silver affects the electrochemical corrosion process.
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Fig. 46. Influence of silver content on corrosion rate of Mg-Ag alloys

6.4.1.2. Identification of corrosion products

Based on the XPS results (Fig. 23), the appearance of MgO on all samples is due to
the formation of a thin MgO/Mg(OH), layer, which is transparent to electrons and
allowing the electrons to reach the conduction band of water [193]. The formation of
Mg(OH), is a normal corrosion product if magnesium gets in contact with aqueous
solutions [194]. The chloride peak at 203.2 eV is only present when silver is available,
because there is no chloride products appearing in pure Mg corrosion.

6.4.1.3. Mechanism of localized corrosion

Apart from the silver in AgCl left in the corrosion layer, around 30% of silver
generated 3 phases mainly consist of MgsAg permeated in a Mg phase or formed
eutectic phases. These stable compounds then emerged due to lower corrosion rate
on the material surface, which could be observed by SEM (Fig. 47). The different
corrosion rate between a and B phases then affected the pitting corrosion process.
Mg-Ag metallic compounds’ corrosion potential is shifted to the anodic direction due
to addition of silver [203], which could provide better corrosion property for the
second phases. The mixed corrosion potential of the alloy is varied positively as well,
which is also supported by the E, data shown in Table 7. Yet at the same time, these
more corrosion-resistant second phases permeated in the alloys provide highly active
microcathodes, which form numerous micro corrosion cells on the material surface.
These micro corrosion cells make the electrochemical corrosion reaction more
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severe, as a result the general corrosion rate is accelerated although the mixed E,
could be even positive [204]. On the other hand, these areas are more corrosion-
resistant; therefore the cathode area like oxidation layer in homogeneous material
will turn to anode in this case. Hence, as what is illustrated before, the surface
corrosion cell is transferred to a situation that the anode area is bigger than the
cathode area, which could lead to faster homogeneous corrosion whilst minimizing
pitting corrosion [187]. Material imperfections like pores or cracks which may cause
pitting corrosion in more homogeneous material afford less current distribution, so
the pitting corrosion was controlled or even erased by this effect.

The electrochemical corroded surface of the alloys can be illustrated well by
representative BE images (Fig. 47). It is quite clear that magnesium suffered the
most serious pitting corrosion in comparison with the other alloys, despite of its
lowest general corrosion rate. On the contrary, with an increasing content of silver,
Mg-Ag alloy gain a higher resistance to pitting corrosion, while holding a higher
homogeneous corrosion rate.

It is easy to visualize that on corroded magnesium surface, the pitting corrosion
cracks developed adequately and sub-cracks spread to form network under the
oxidation layer. As for Mg-Ag alloys, the pitting corrosion has to compete against
surface oxidation, so that pitting corrosion’s dimension is controlled to minimum level
and cracks do not have sufficient space to grow. It is also much apparent that due to
faster homogeneous corrosion, Mg-Ag intermetallic phases were exposed to the
corrosion surface as a result of oxidation of the surrounding anodic area, and then
restrained the pitting corrosion from developing.

The results of the mechanical measurement in last section illustrate that Mg-Ag
alloys have much better mechanical properties than pure magnesium at human body
temperature (Fig. 13), which ensures a potential application of Mg-Ag alloys
according to their mechanical performances. Thereafter, the corrosion test results
show that the three cast Mg-Ag alloys are acceptable according to their general
corrosion rate compared with currently applied biodegradable materials [5, 15].
Furthermore, from an applied point of view, localized corrosion is much more harmful
than homogeneous corrosion in most of cases, because it leads to a loss of
mechanical performance in a very short time, which could be quite problematic
especially for biomaterials [205]. Hence, as an innovative antibacterial material, Ag-
Mg binary alloy shows good resistance of pitting corrosion, with a corrosion rate
comparable to other magnesium alloys [15]. In ongoing work it was preliminary
proven that heat treatment is highly efficient to improve the mechanical and corrosion
properties of the alloys by reducing secondary phase particles, which would be
applied for further improvement.

Furthermore, the mini-cell system applied in this study as a setup with enough
sensitivity to analyze composition factors by electrochemical behavior, gives the
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precise individual characterization to the studied materials [38]. The next step
following the determination of the material properties will be the evaluation of
improvement brought by heat treatment.
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Fig. 47. Secondary electron (SE) images from corroded surface of materials tested in DMEM
(a, b, c and d) and DMEM + 10% FBS (e, f, g and h): Mg (a and e), Mg2Ag (b and f), Mg4Ag
(c and g) and Mg6Ag (d and h).
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6.4.2. Corrosion properties of heat treated materials

6.4.2.1. Behavior and principles of electrochemical corrosion

Corrosion media choosing was proved a crucial factor for in vitro corrosion tests [38],
so DMEM was selected as the corrosion medium in this research for its better
representativeness according to former studies on media choosing for in vitro
corrosion tests [154, 206]. Previous studies reported presence of protein (FBS) may
result in different corrosion behavior [207-208], and induce increases in osmolality of
corrosion media while reducing the corrosion rate of materials [209]. In the last
section, our study also showed that DMEM is more credible when carrying out in vitro
corrosion tests and protein’s effects on corrosion of magnesium alloys. Therefore in
this study, 10% FBS (by volume) was added to DMEM to simulate realistic in vivo
corrosion environment, and to make the corrosion results more comparable with
cytocompatibility tests. Therefore, DMEM supplemented with FBS has been chosen
as corrosion media in the following experiments. Cell culture conditions provided ion
buffer system as well as the human body like atmosphere; therefore the two
corrosion testing methods employed in this study were both performed under cell
culture conditions to assure experimental accuracy.

From the electrochemical and SEM microscopy results obtained, the following points
are essential: (1) both the cathodic and anodic behaviour of the alloys are mostly due
to the silver content of the alloys; (2) the general corrosion rates of the four alloys in
all three heat treatment status increases as follows: Mg < Mg2Ag < Mg4Ag < Mg6Ag
(Fig. 26); (3) the pitting corrosion susceptibility of the four alloys in all three heat
treatment status increases as follows: Mg >Mg2Ag >Mg4Ag > Mg6Ag, which may be
a hint that higher silver content could restrain pitting corrosion in cell culture medium;
(4) heat treatment reduced corrosion rates of Mg-Ag alloys dramatically by dissolving
dendrites and secondary phases. T4 treatment led to a lower corrosion rate of the
Mg-Ag alloys than observed for pure magnesium. The pitting corrosion resistance
seems to be related to higher silver content. The lower pitting susceptibility of Mg4Ag
and Mg6Ag is easier to visualize in comparison to the other two alloys as in Fig. 24,
where the single sweep voltammograms of are presented together (Fig. 25).

The electrochemically corroded surface of the alloys is shown in Fig. 24. It is obvious
that magnesium suffered the most serious pitting corrosion in comparison with the
other alloys, despite of its lowest general corrosion rate. On the contrary, an
increasing content of silver leads to a higher resistance to pitting corrosion, despite of
inducing a higher general corrosion rate. It is easy to visualize that on the corroded
magnesium surface, pitting corrosion cracks (consisting of Mg(OH), and MgO
according to EDX analysis) developed and sub-cracks spread to form network under
the oxidation layer. Pitting corrosion on Mg-Ag alloys has to compete against surface
oxidation, so that its dimension is controlled to minimum level and cracks do not have
sufficient space to grow. Apparently, due to faster homogeneous corrosion
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secondary phases were exposed to the corrosion surface as a result of oxidation of
the surrounding anodic area, also reducing pitting corrosion. After T4 and T6
treatment, pitting corrosion as well as other type of localized corrosion was greatly
reduced due to the solving of secondary phases. T6 treated samples were slightly
more susceptible to localized corrosion according to SEM patterns (Fig. 24) due to
the re-precipitates. In pure magnesium no phase transformation occurs during heat
treatments, so the corrosion rate did not vary significantly after heat treatment.

As most of silver content enriched in 3 phases, their corrosion potential was shifted

towards the anodic direction (Fig. 24) due to presence of silver [203], which could
make 3 phases more resistant to corrosion [58]. Therefore, electrochemical corrosion

cells formed between a-Mg and B phases as Fig. 48 shows. To cast materials, most

of B phases separated from a-Mg and concentrated in dendrites and grain

boundaries (Fig. 9 and 10). In this case, corrosion cells grew completely all over the

surface, and induced electrochemical corrosion between a-Mg and 8 phases.

At the first stage of electrochemical corrosion, hydrogen gas generated from cathode
areas (Eqg. 10). As corrosion layer grew thicker, oxygen absorption corrosion became
dominant cathode reaction due to pH’s change on the surface (Eq. 11). That is why
much less gas bubbles could be found after 12h immersion.

The cathodic reaction: 2H* +2¢~ — H, T Eq. 10
O, + ZH, O + 4e” — 40H™ Eq. 11

Fig. 48 exhibits the electrochemical corrosion scheme happened on cast materials, in

which much bigger area of anode formed by a-Mg than small sized cathode formed
by B phases could be observed. As a result of more negative corrosion potential, a-

Mg were corroded more severely and faster than 3 phases. Therefore, B phases

emerged on the surface due to lower corrosion rate, which could be clearly observed
in SEM images (Fig. 24). Hence, general corrosion rates of cast materials were
considerably high due to the fact that electrochemical corrosion was dominant in their

corrosion processes. More content of silver generated a higher amount of § phases,
as a result the general corrosion rate increased while the mixed open circuit potential
(Eo) could be even more positive (Fig. 25) [204].

Conversely, T4 and T6 treated materials suffered much lighter corrosion thanks to
most of B phases were dissolved by heat treatment (Fig. 9). As lack of potential

difference between areas, corrosion was mainly by the means of chemical corrosion
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rather than electrochemical corrosion. Therefore, the corrosion rates of heat treated
materials were greatly decreased and generated more homogeneous corrosion layer
(Fig. 24 and 48). Similar influence of heat treatment on corrosion process can be
found on other magnesium alloys as well [210], and this trend became more obvious
when more silver content was added like in Mg6Ag (Fig. 24),
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Fig. 48. Schematic diagram of the corrosion interface before (a) and after (b) corrosion in cell
culture media. Cast material was corroded mainly by means of electrochemical corrosion,
which resulted in higher corrosion rate, thicker and more inhomogeneous corrosion layer than
heat treated material. Chemical corrosion was the primary corrosion style happened on heat
treated material due to lack of potential difference between areas.
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The different corrosion rate between a-Mg and [ phases affected the pitting
corrosion process as well. It can be visualized from Fig. 24 that on the corroded
magnesium surface, pitting corrosion cracks (consisting of Mg(OH), and MgO) and
sub-cracks spread under the oxidation layer. As the general corrosion rate went
higher with increasing silver content, general corrosion governed the whole surface,
which made localized corrosion like pitting have little time and space to grow [211].
Therefore, less pitting corrosion could be observed in Mg4Ag and Mg6Ag despite of
higher general corrosion rate (Fig. 24). After T4 and T6 treatment, pitting corrosion as
well as other type of localized corrosions was greatly reduced due to the dissolving of
B phases.

T4 treated samples demonstrated the best corrosion properties compared to the
other two treatments during the electrochemical tests. To obtain the correlation
between silver content and corrosion rate of T4 samples, Origin software (Origin 8.6,
Originlab, Northampton, USA) was applied for fitting the corrosion rate data versus
silver content. The following equation (Eq. 12) was derived as practical equation for
estimating the general corrosion rate of T4 treated binary Mg-Ag alloys under cell
culture conditions:

CR = 2.28 X Gy + 0.2926
Eq. 12

where CR stands for corrosion rate; CAg stands for mass concentration of silver in
alloy; 0.02 < CAg < 0.06; unit is mm per year.

According to mechanical and electrochemical testing results, T4 treated samples
presented balanced mechanical performance and the best corrosion properties,
which can meet the needs for biomedical applications better than the other two
treatments. Therefore, T4 treated samples were selected for the following tests.

6.4.2.2. Corrosion products analysis and ion release

Based on the XPS analysis of the corroded surface (Fig. 27 and 29), the appearance
of MgO on all samples is due to the formation of a thin MgO/Mg(OH), layer, which is
transparent to electrons and allowing the electrons to reach the conduction band of
water [193]. Therefore, thickness of the corrosion product blocks were much higher
than the real corrosion interface, which formed the barrier between material and
media and then decreased the general corrosion rate (Fig. 49) [193]. The formation
of Mg(OH), is a normal corrosion product if magnesium gets in contact with aqueous
solutions [194].

The chloride peak at 203.2 eV is only present when silver is available, and increasing
silver products did not affect the distribution of magnesium corrosion products,
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because most of silver content was enriched in 3 phases and corroded separately

from a-Mg like specified above.

Corrosion interface layer

Material Corrosion products Media
Deforming d-.§ ') :

Grains D e
L“\(

Fig. 49. Scheme of surface structure after bio-corrosion

Due to the same reason, silver content had little influence on increases in osmolality
and pH of the corrosion media, the two key parameters for biocorrosion (Fig. 32).
The increases in magnesium ion release of T4 materials were not significant either
(Fig. 33). Compared to inner levels, the surface corrosion level contained a notably
higher amount of carbonates which could be hardly found in inner levels. It was
generated by the reaction of magnesium / calcium hydroxide and carbon dioxide (Eq.
13), and the reaction only happened on the very surface due to carbon dioxide’s low
diffusion capability in the solid corrosion layer [212].

Mg(OH), / Ca(OH), + CO, - MgC0, / CaCQ, Eq. 13

During the corrosion tests, cell culture conditions provided constant pH and
concentration of CO,, without which carbonate on the surface could not be generated.
It was already proved that the steady and realistic circumstance provided by cell
culture conditions is crucial for in vitro corrosion tests to simulate in vivo conditions
[209]. Considering all facets of corrosion properties of the tested materials, T4
treated alloys seemed to be preferable as potential implant materials for their low
general corrosion rate, slight susceptibility to pitting corrosion and low ion release,
especially for T4 treated Mg2Ag and Mg4Ag alloys.
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6.5. Cytocompatibility and antibacterial properties

The cytocompatibility tests were performed to clarify two important issues to Mg-Ag
alloys designed as implant materials: cytotoxicity of the released ions and cellular
response to the interfaces. As pure magnesium has been proven as a low cytotoxic
biomaterial [18, 213], the toxicity tests of the alloys focused firstly on the cytotoxicity
of silver ions since their magnesium ion release level were no higher than pure
magnesium (Fig. 33). Comparing the silver ion release results shown in Fig. 33 and
the cells’ LC50 concentrations in Fig. 34, ion release was several orders of
magnitude lower than the LC50. The silver ion release level of T4 Mg-Ag alloys
should therefore not induce -cytotoxic effects. According to literatures on
cytocompatibility of ionic silver, 3T3 fibroblast cell could even survive at
concentrations of over 10 mM [214].

For bone biomaterial interaction testing, osteoblast adhesion is an essential
requirement. The interaction between cells and implant materials are governed by a
number of physical and chemical processes, among which surface condition is a
major factor [215-216]. The interaction between the alloys and the osteoblasts in this
study showed even better cell adhesion and higher cell viability than pure
magnesium (Fig. 35. The influence of the corrosion layers on cell adhesion were not
explicitly studied, but will be subject of further studies. Absorbance of proteins is the
first stage prior to adhesion of cells. However, it is not yet clear whether proteins
adhere to degrading magnesium in the same way as they do on permanent
materials.[209], and remnants of proteins were hardly found in the corrosion layer
[206]. It is highly important to understand the interaction of proteins with the
permanently changing surface during degradation and this will be analyzed in further
studies. However, it was shown already that for materials with low corrosion rates
good protein absorbance ability of magnesium alloys [9] may be responsible for the
improvement of cytocompatibility. Presence of silver decreased the corrosion
process while brought no additional toxicity, which provided better environment for
cell adhesion than pure magnesium. The effects were also proven by the higher
seeding density and better range of extension of osteoblasts on Mg-Ag alloys.

The antibacterial testing using the dynamic flow bioreactor was carried out to
determine the antibacterial properties under human body like environment. Alloy
degradation was observed in both chambers of the flow accompanied with bacterial
colonization (Fig. 37 and 38) as expected. Different from the immersion in DMEM
with FBS, crystal structures formed by precipitation of corrosion products were clearly
presented in CLSM pictures. Despite the significant surface changes the viable
bacteria numbers could still be accurately quantified by counting of bacterial
colonization. Pure magnesium also showed antibacterial ability during the tests,
however, considering its relatively higher corrosion rate, some of the effects
attributed to increasing pH and osmolality which could reduce cellular viability as well
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[39]. Fig. 50 gives a comparison of corrosion rate and bacteria viability between each
T4 treated materials, in which it could be clearly drawn that Mg-Ag alloys
demonstrated significantly higher antibacterial property than pure magnesium while
keeping lower corrosion rate. Bacteria viability decreased with more silver presence,
however considering the influence by increasing corrosion rate, Mg2Ag and Mg4Ag
has already achieved satisfactory antibacterial performance.

0.7
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Fig. 50. Comparison of corrosion rate and viability of adhering bacteria on the surface
between T4 treated pure magnesium and Mg-Ag alloys. Mg-Ag alloys presented improved
antibacterial properties while maintaining lower corrosion rate than pure magnesium. “*’
means significance level p < 0.05. The differences between alloys and pure magnesium in
corrosion rate and viability of adhering bacteria were both significant.

As newly developed biodegradable materials, Mg-Ag alloys exhibited a stronger
antibacterial capability than the permanent implant material titanium and the
biodegradable implant material pure magnesium, which was correlated to the silver
content. The CLSM pictures (Fig. 38) support the bacteria counting results very well,
in which the trend of stronger antibacterial ability brought by increasing content of
silver was clearly presented. These results confirmed the well-known antibacterial
effects of silver could be also expressed in magnesium after alloying. Based on this
study, the long term distribution, migration, vitality and stability of bacterial films still
need to be further studied. Compared to the widely used reference materials titanium
and glass, Mg-Ag alloys reduced viable bacterial counts significantly, which is much
helpful to reduce probability of infections during an implant surgery. Further studies
will focus on in vivo antibacterial properties of these alloys.
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The accumulation and metabolism of silver in human body is still being studied [217].
Some investigations on wound treatment with ionic silver reported that the
accumulation and metabolism by skin and hairs was the possible mechanism [71].
Metallic silver was proved to pose minimal risk to health [71], so the silver content
utilized in these alloys was safe to human body considering their low silver ion
release (Fig. 33). The low cytotoxicity, low ion release and harmonious interaction
with cells of T4 treated Mg-Ag alloys warranted their low risk when used as implant
materials especially compared with other heavy metal containing magnesium alloys.

In this study we have demonstrated that Mg-Ag alloys, especially for T4 treated
Mg2Ag and Mg4Ag, had appropriate mechanical, corrosive, cytocompatible and
antibacterial properties. Since the control of in vivo corrosion and minimizing
probability of infection are both of major importance, the use of Mg-Ag alloys
provides an ideal option for bone implant surgery in the future.
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7. Conclusions

7. Conclusions

1. From mechanical properties’ point of view, 2% - 6% Ag-Mg alloys (abbr.
as Mg-Ag ) have quite nice performance as binary alloys, while T6
treatment make it even better.

2. T4 treated Mg-Ag alloys are more corrosion resistant than pure
magnesium and less susceptible to pitting corrosion. Their corrosion
and mechanical properties are highly adjustable.

3. Mg-Ag alloys’s cytotoxicity is similar to pure magnesium due to their
low Ag+ ion release. The alloys neither change pH nor Mg2+ ion
release significantly.

4. Compared with pure magnesium, Mg-Ag alloys show significantly
better antibacterial properties accompanied by a lower corrosion rate.

5. As content of silver increases, mechanical and antibacterial properties
become better, while for corrosion properties and cytocompatibility the
trend is just opposite.

6. Heat treated Mg-Ag alloys exhibit adjustable improved mechanical,
corrosive, biocompatible and antibacterial properties. In summary, T4
treated Mg2Ag and Mg4Ag alloys show the biggest potentials as
antibacterial biodegradable materials because they show an excellent
balance in their property profile.
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Appendix

|. Symbols and abbreviations

PTFE: Polytetrafluoroethylene

%wt: Weight percentage

%at: Atomic percentage

CCC: Cell culture conditions

LC50: 50% lethal concentration

XPS: X-ray induced photoelectron spectroscopy

DMEM: Dulbecco's Modified Eagle Medium

ISE: lon Selective Electrode

SHE: Standard hydrogen electrode

SCE: Saturated calomel electrode (Egq = 0.241 V vs. SHE)
HBSS: Hank's Buffered Salt Solution (without calcium and magnesium)
FBS: Fetal Bovine Serum

SBF: Simulated body fluid

MRSA: Methicillin-resistant Staphylococcus aureus

MRSE: Methicillin-resistant Staphylococcus epidermidis
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O ALs
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XPS Studies of Magnesium Surfaces after Exposure to
Dulbecco’s Modified Eagle Medium, Hank’s Buffered Salt

Solution, and Simulated Body Fluid

By Di Tie”, Frank Feyerabend, Norbert Hort, Regine Willumeit and Daniel Hoeche

Magnesium-based biomaterials are gaining increasing interest, while in vitro corrosion tests are not
standardized yet. Moreover, the effects of different corrosion media on the corrosion products are still
not fully understood. To compare and evaluate the three main corrosion media applied in most in vitro
studies, an XPS investigation of magnesium surfaces was carried out after exposure of the specimens to
Dulbecco’s modified eagle medium (DMEM), Hank's buffered salt solution (HBSS), and simulated
body fluid (SBF). The effects of rinsing the specimens after immersion were also determined. XPS
investigations especially on the Mg 2p state showed that MgO, Mg(OH)2, and MgCO3 species were
the dominant corrosion produicts presenting in all specimens despite of the different corrosion medin.
However, the ratio of corrosion products depends on the medium composition. It was also shown that
rinsing specimens after immersion experiments is a necessary procedure when surface analysis is

employed afterward

In recent years, magnesium and its alloys have attracted
much attention as a biodegradable implant material due to
their good biocompatibility and I:»i()rlt*grm‘l.'ﬂ'aility.”':'I Much

3,
[3.4] and

research has been done for bone implant application,
vascular stent.””) However, the high corrosion rate limits their
practical application.’! Several measurements have been
adopted to improve the biodegradation properly, such as

16 Bl and alkaline treatment.”!

element alloying, 71 Ti-coating,
Also some new magnesium alloys have been prepared for
biomedical application,'>#1%11)

Electrochemical testing and weight loss are widely adopted
methods to determine corrosion properties of biomaterials in
vitro including magnesium alloys, " Three kinds of corrosion
media are widely applied in these measurements, Dulbecco's
modified eagle medium (DMEM), Hank's buffered salt
solution (HBSS), and simulated body fluid (SBE).'** Much
research was reported on alloy development, corrosion
properties, coating technology, and biocompatibility of
magnesium alloys, whereas much less attention paid to the
environmental factors used for in vitro tests.

X-ray photoelectron spectroscopy (XPS) is a powerful
technique for quantitative analysis of time-dependent chemi-

[*] D. Tie, Prof. R. Willumeit, Dr. F. Feyerabend, Dr. N. Hori,
Dr. D. Hoeche
GKSS5 Forschungszentrum Geesthacht GmbH, Max-
Planck-Str. 1 D-21502 Geesthacht, Germany
E-mail: di tie@gkss.de

cal changes occurring at the sample surface. For example,
Yao""™ revealed that the film on pure Mg formed in distilled
water was mainly a mixture of Mg(OH); and MgO; Mg(OH),
was predominantly in the top layer and decreased gradually
with depth whilst MgO exhibit the opposite behavior. Mixed
oxy-hydroxide layers were also reported on scratched Mg
after air n.\qms;uro.:m Tt was also found that the films formed
after immersion in an aqueous electrolyte had a bi-layer
structure, consisting of a thin MgO inner layer and a Mg{OFH),
external layer."”]

To accurately predict in vivo degradation behavior by in
vitro experiments, the selection of an appropriate corrosion
medium, and environment is crucial. Therefore, it is necessary
to investigate the effects of different media when applied in
immersion experiments. [n our approach XPS measurements
were employed to determine magnesium corrosion product
species and ratio after exposure in three kinds of corrosion
media under cell culture conditions, which resemble physio-
logrical conditions.

Experimental
Materials and Corrosion Media

Magnesium samples (99.98%, Hydro Magnesium, Norway)
were prepared by permanent mold casting. The metal was
molten under protective atmosphere (Ar+2% S5Fg) at a
temperature of 750°C. Then the melt was stirred for 30 min
with 200 rpm prior to casting the material into preheated

ADVAMCED EMGIMEERING MATERIALS 2010, 12, Me. 12
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In vitro mechanical and corrosion properties of

biodegradable Mg-Ag alloys

D. Tie* F. Feyerabend, N. Hort, D. Hoeche, K. U. Kainer,

R willamneit and W, D. dueller

Binary magn esiumesilver (Mg-Agh alloys were designed as antibacterial
material to treat infections in an implant site. The mechanical and

electroch emical measurements were performed on three castingg Mg=ap alloys
under eell eulture eanditions. The camposition and distribution of the earrosion
layer was analyzed by microscopy and X-ray photoelectron spectroscopy. [n cell
culture media, ME-Ag alloys show higher but still aeeeptable general eorrosion
rates while |ess susceptibility to pitting corrosion than pure Mg with increasing
content of silvee This study indicates that mg-Ag alloys bave satisfactory
corrosion properties and moch better mechanical properties than pure

magnesiom as a funetional bisdegradable material.

1 intreduction

Az an evesptianally lighteeightmaterial, magresvm (Mg = aka
are= of the human bodi=' furdament] element. [mb=e=st n
magreium far lisdsgradalle imphnt matedal appbictians,
=pedally in vascukhr nerventian and asteanmthes has Leen
s ing cantinwauzlyaver the mat yemr (1 4] Magremiumrnat
anly sxhilits mechanial properties dme © ratm] bane and
qutstarding bivcanpatilidity [5 7], lut # & alsa degrading at
the pH level leteeen 74 74 and in the high chlagde
emviranment af phisialagicl sysenm (3], Fam the dindal paint
o v, m:.gns:i'um as :I.:UJ]}- Eud.egnda].l]e ared Jaad ].lem:i:ng
raterial has many adwarntige campared ta pernatent devies :
nazecard surgicl interveritian &t weeded ta remawve the material;
the hazard of Jarg = advene rmctions &© redwoed; and lare
timus grawth iz poztively infhuenced [@, 10]. Therefare, thes=
inthguirg chamcteriztics hawe attmced gr=t attention in
wepact af lisdsgradille bane imphnt appliatans, while ma=
spacific medicl functars are stll highly d=marded ta cambine
with ragr=ium o widen it appliction avm, svpadally ta et
infectian afer imphnt surgery [11].

Sl dus ta it strang antimimalial prapertes has been
appli=d Iy manlkind faz thausands of ymo. Alvmady Adxemider the
Greatusad mlver veszak ta stare doinling water [ 12]. However, the
:.]:p]ied farmubtian af siher lrpt du:ngmg d1.u:i:ng ]1.'i:b\:|1}-. fram

& T, FoFepermhend, ML Hovt, & Hoeche, i UL Meiner, B ANamedt
Helm ho k2 -Tentru m Ceesthacht, Instituie for Materisls Aazearch, Wae
Planck-Str. 1, 215032 Caesthacht {Cermany)
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Tk zilwer iny weszaks and cains, ta janic siwer supplemerited as
sihwer =it [lile Ag1¥0a) aradsarled an e materiak [13] and
nre ta rarazzed [14] o allowed mher. Siwer has qutanding
antilacte=rial r=ctivity in a wari=ty of chemiz] stes. It & sen
eftective 0 same exreame micales, such as Methidln rmant
Stophpocacis awons [MRSA) ard Methicllin rmistant Staply
boenerus epidemimidis MRSE), which are fmavs as “nuperlng
ard could nat be kill=d by mastantiliatis [15, 14]. Sames rec=mt
studi=s mnade vxe af allayed sher ta pravide antibactera] poa perty
that shaws satzfadary r=actvity as w=l1[17, 15].

Whil= 2 rumber of magresium bazed biadegradill=
materal were develped, mulifurctoral magnezum allays
ar= ztll mrely reparted. Ta intraducs antilact=dal praperties ta
liad=gmdalle magretum, inravative birary Mg Az allays wer=
dexigred 2z bare implant maeral. Cambined with it degmd
alibity in physialagical emvizanments, the antilactenal poaperty
a@uld kst semdily thravghaut the whale implant pegiod. Amarg
derrmiratian of biammypatildlity and antlaceral rmcthity [19],
it & abka pac=szany ta test the momian behaviar as itis always
a b=y fmzue ta magresiem allays (20, 21). The mird c=ll myzten
5] emplaped in thiz study & based an 2 mraparalble mini
@0, which haz paven alemdy, that it @an peedzely analee=
differert metallic liamatedak as applisd &n patients [22].
[l lmcoa's modified =zl madium (DM EM) supplemened with
=l Lavine z=rum [F B5) has Leen campared ta ather eleczalrtes
Iy farmer studies, ard may b=z maz= a=dible al=dzalyte for
Vit mo@ian tets (25, 24).

[n the present warlk, the mechanizal propertes of differsnt
Mg Az allne werearahezed marder ta prave their mpeavement
-mm:pﬂmd 0 purs magmesivm The al=drachemiz] lshaviar af
three Mg Ag allays was imwestigated wsing the M5 systern with
OMEM ard FES as elecralye. As a semsitiwe technalgy ta
malecular structure, X my phata eleciran spacazcapy [H0E] was
empayed o dentfy corzozian product speces and dizwibutian
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3. Di Tie, et al. Antibacterial Biodegradable Mg-Ag Alloys. European Cells &
Materials. (accepted)

Abstract:

The use of magnesium alloys as degradable metals for biomedical applications is a
topic of ongoing research and the demand for multifunctional materials is increasing.
Hence, binary Mg-Ag alloys were designed as implant materials to combine the
favorable properties of magnesium with the well-known antibacterial property of silver.
In this study, three Mg-Ag alloys, Mg2Ag, Mg4Ag and Mg6Ag which contain 1.87%,
3.82% and 6.00% silver by weight were cast and processed with solution (T4) and

aging (T6) heat treatment.

The metallurgical analysis and phase identification showed that all alloys contained
Mg4Ag as the dominant 3 phase. After heat treatment the mechanical properties of
all Mg-Ag alloys were significantly improved, and the corrosion rate was also
significantly reduced due to presence of silver. Mg(OH), and MgO present the main
magnesium corrosion products while AgCl was found the corresponding primary
silver corrosion product. Immersion tests under cell culture conditions demonstrated
that the silver content did not significantly shift the pH and magnesium ion release. In
vitro tests with both primary osteoblasts and cell lines (MG63, RAW 264.7) revealed
that Mg-Ag alloys show negligible cytotoxicity and sound biocompatibility.
Antibacterial assays performed in a dynamic bioreactor system proved that the alloys
reduce the viability of two common pathogenic bacteria, Staphylococcus aureus and
Staphylococcus epidermidis. In  summary, biodegradable Mg-Ag alloys are
biocompatible materials with adjustable mechanical and corrosion properties and
show promising antibacterial activity, which warranted their potentials as antibacterial

biodegradable implant materials.
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4. Invited review: Di Tie, et al. Review: In vitro corrosion testing methods for
medically used magnesium alloys. Journal of Biomedical Materials Research
Part A. (submitted)

Abstract:

Despite the immense potential of biodegradable magnesium alloys, the high
corrosion rates of Mg-based biomedical implants in the physiological environment
impose severe limitations in many clinical applications. Therefore extensive in vitro
studies have been carried out to investigate the materials’ performance and fathom
the associated mechanisms. The aim of this review was to collect and compare data
from different published reports which focused on the description of the influence of

different corrosion testing setups for the assessment of magnesium alloy corrosion.

This review includes three sections: (1) in vitro degradation of biomedical magnesium
alloys in simulated physiological environments, focusing on comparison and
evaluation of different testing setups; (2) selection of suitable test media and test
circumstance for in vitro assessment; and (3) a comparison with our own results,
effects of protein and cell culture conditions, was made and discussed. Based on the
above, advices for in vitro corrosion test on magnesium alloys and future research

trends are concluded.
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