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Abbreviations DOI: 101039/COBM0028511
Open Circuit Potential: OCP

Electrochemical Impedance Spectroscopy: EIS

Corrosion Potential: E.

Corrosion Current Density: I¢o

Scanning Rate: SR

Corrosion Rate: CR

Simulated Body Fluid: SBF

Inductively coupled plasma-atomic emission spectrometer: ICP-AES
Dulbecco's Modified Eagle Medium: DMEM

Minimum Essential Medium: MEM

Scanning Electron Microscope: SEM

Corrosion Characterization System: CCS

Hounsfield Units: HU

Intravascular ultrasound: IVUS

Tumor Necrosis Factor Alpha: TNF-a

Osteonecrosis in the Femoral Head: ONFH
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Despite the high potential of biodegradable magnesium (Mg) alloys as a new generation of
biomaterials for orthopaedic and cardiovascular implantation, their high corrosion rate in body
fluid limits their suitability for clinical applications. Extensive research has been performed to
improve the corrosion resistance of Mg-based biomaterials. Researchers have also been
working to develop new testing and assessment techniques to evaluate the corrosion
performance and other in vitro and in vivo properties of their modified Mg alloys. The objective
of this review is to present the principles and operation procedures of commonly used standard
methods for assessment of Mg-based biomaterials from bench to clinic. The pros and cons of
each of these methods are discussed, together with factors for consideration to choose the right
methodology. This review also presents the current state and challenges in understanding the
testing of Mg-based biomaterials.

Keywords: Mg-based biomaterials; Testing; In vitro; In vivo, Clinic.

1. Introduction

Current research has shown the potential of biodegradable Mg alloys as a new class of metallic
biomaterials '*. Mg implants can be dissolved, absorbed and/or excreted, so that implant
removal surgery is not required >~7. However, one major the concern with Mg is its high
corrosion rate, making it unpredictable in the physiological environment 310, In fact, Mg is
electrochemically very active, with a standard potential of -2.7 V (Mg/Mg?*, standard hydrogen
potential) !!. Fast corrosion, results in implant failure before a bone fracture is healed. Bone
healing process normally takes over 3 months while currently available biodegradable Mg
alloys cannot maintain their mechanical integrity within this time frame '2. Another problem is
about corrosion products of Mg, i.e. hydrogen gas (H,) bubbles which form around the implant
13-16_The H, bubbles evolved from a corroding Mg implant can be accumulated in the form of
gas pockets in the tissues surrounding the implant, which may ultimately lead to the separation
of tissue layers and tissue necrosis 73, In a worst-case scenario, patient death is possible if a
large amount of H, bubbles diffuse through the blood circulating system and block blood
stream. Decreasing the corrosion rate of Mg alloys is the only way to solve the problem. At a
decreased corrosion rate, Mg?* ions, H, bubbles and OH- ions will be produced more slowly,
allowing the host tissue to gradually adjust or deal with the biodegradation products '7-19-20,
Extensive research has been done to decrease the Mg’s corrosion rate, including new alloy
development 2!, reinforcing with bioceramic particles 22, thermomechanical processing >3 and
coating them with biopolymers 24 and/or bioceramics 2° using different coating techniques such
as electrodeposition 2%, electrophoretic deposition 27 and dip-coating *® (Figure 1).

Figure 1

In the development of a new Mg-based biomaterial, testing and assessment becomes therefore
critically important to evaluate the efficacy of these modifications. Corrosion of Mg alloys for
example is a complex process and its complete characterization demands a good combination
of a range of methodologies ?°. Probably, an in vitro corrosion system suitable for Mg alloys
should be established 3°. However, it is important to understand the current methods and select
the right test with proper experimental conditions, before a perfect system is in position 3!. The
aim of this review is to therefore describe in detail commonly used methods for assessing the
performance of Mg to clarify the applicability, benefits and disadvantages associated with
individual methods and the key points which should be considered during the test. Hopefully,
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this review provides guidelines for investigators who work in the field of,, Mg;bdsed a0
biomaterials and broader metallic biomaterials.

2. In vitro corrosion tests

2.1. Electrochemical corrosion test

Most of the studies on surface modifications of Mg-based biomaterials set anticorrosion as the
prime objective 32. Electrochemical corrosion test is a convenient way to assess the corrosion
rate by monitoring the open circuit potential (OCP), polarization and electrochemical
impedance spectroscopy (EIS) using a three-electrode system including reference, counter and
working electrodes 2733, Following are some aspects that affect the corrosion results during the
electrochemical corrosion tests.

As the most popular and easiest test, potentiodynamic polarization is used by researchers to
provide data of corrosion potential (E.,;) and corrosion current density (Ior) 3134 One key
parameter in potentiodynamic polarization test is scanning rate (SR). I, rises and zero current
potential shifts to more negative value by an increase in SR. Because electrode system at a low
SR is in or close to a steady-state and electron transfer rate is equal to electron consumption
rate at this state, an accurate zero current potential can be acquired. As SR increases, the steady
state is disturbed, and the electron transfer rate becomes more than the electron consumption
rate in cathode reaction, which results in the gathering of electrons on the electrode surface and
causes a negative shift of zero current potential. However, a lower SR gives a clearer current
density peak. Hence, SR should be slow enough and is recommended to be 0.5 or I mV/s 3133,

It should be considered that the common Mg alloys do not exhibit a uniform corrosion mode
due to the presence of second phases such as intermetallics or filler particles. The conversion
of I to a corrosion rate (CR) can only be carried out if uniform corrosion is assumed 3.
Hence, potentiodynamic polarization test results do not usually produce an accurate CR for
Mg. Running OCP before starting the test is important for stabilizing sample surface with the
solution. When a metal surface is exposed to an electrolyte solution, it takes a certain amount
of time to form an electrical double layer on the surface and then to be stabilized 3¢. For Mg
alloys, OCP time is about 15-20 min. Another factor is the selection of potential range which
provides sufficient information to allow a Tafel-type analysis. In general for Mg alloys -150 to
+ 500 mV vs OCP is a suitable potential range 4313738,

EIS is a method for surface characterization using the frequency response of AC polarization
39 A range of low magnitude polarizing voltages is applied in EIS while resistance and
capacitance values are recorded for each frequency. These values can then be utilized to
interpret a number of surface properties of the material 3!. The frequency range has an important
effect on spectra. It is essential to select frequency range based on the activity of the electrode
system. The frequency range of 100 kHz—10 mHz is commonly used for Mg alloys “*-43. The
lowest frequency is 10 mHz, below which potential noise interference becomes serious. The
highest frequency is 100 kHz because EIS data may change due to phase shift from the
potentiostat in the higher frequency region 4. EIS can give data of the surface impedance of a
subject to polarization. This is directly related to the corrosion resistance and inversely related
to the corrosion rate 43!, By applying an amplitude excitation signal, its response depends on
the electrode kinetic processes which normally include several different sub-processes such as
charge transfer and mass transfer. By analysing the responses, individual processes may be
deduced 44, Deep understanding of the corrosion process can be obtained by combining the
results of EIS and potentiodynamic polarization tests. Following immersion test in the
simulated body fluid (SBF), a corroded layer forms, and two capacitive loops are observed at
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high frequency and low frequency regions, respectively, in the Nyquist plot at the. initial s oaor;
of immersion, which are due to charge transfer, influence of corrosion products layer and mass
transfer 4, This impedance variation is related to the protection of the corroded layer. In Mg
alloys (for example AZ91), the a-phase matrix and y-phase intermetallics form galvanic
couples, and an intense corrosion tend to start at a/y interfaces. The existence of the inductive

loop in EIS spectra is therefore due to this microgalvanic corrosion between the o matrix and

vy phase 47

2.2. Immersion test

Immersion test according to ASTM G31-72 4 is commonly used for corrosion assessment of
biodegradable Mg alloys. In an immersion test, the progress of corrosion damage can be
measured as a function of immersion time in a corrosive environment. In this method, the
immersed samples are corroded in the SBF solution, normally at 37°C, and mass loss, mass
gain, hydrogen evolution, pH variation, Mg ion release and the corrosion products are
determined by a series of techniques, the details of which will be described in following
sections. The immersion time and solution volume to surface area ratio (V/S) are the important
factors determining the results. A minimum V/S is recommended to be 20 mL/cm?. At this
ratio, the solution volume is enough to avoid any significant change in response to exhaustion
of corrosive constituents, accumulation of corrosion products and pH change as corrosion takes
place during the test. However, various ratios of V/S have been reported to be used 394952,
from 0.33 33 to 500 mL/cm? 3* without justification and the accuracy of the results is
questionable. Yang and co-workers 3° have assessed the effect of V/S ratio on the corrosion
rate by choosing different V/S ratios from 0.67 to 66.7 mL/cm?. Their results confirmed that
V/S ratio did affect the corrosion rate of Mg alloys and low V/S ratios resulted in higher pH
values and reduced corrosion rate, whereas the effect was insignificant at high V/S ratios.
According to the implantation area of Mg implants, it is suggested to study both high and low
V/S ratios to simulate the in vivo corrosion properties of Mg bone screws in a bone marrow
cavity and Mg plates and screws in cortical bone or muscle tissues, respectively 33.

2.2.1. Weight loss

To measure weight loss, a sample with known weight is placed in the SBF for pre-determined
times and then cleaned with chromic acid (CrO;) to remove the corrosion products formed on
the surface before weight measurement 336, The difference between starting and final weights
is the weight loss 3758, Weight gain is measured before surface corrosion products are removed.

Usually, a mixture of CrO3; and AgNOs; is utilized to efficiently clean the corrosion products
by dissolving Mg(OH), 31,5961,

2.2.2. Hydrogen (H;) evolution

Oversaturated H, in blood and tissues tends to be collected in tissue cavities, forming H, gas
pockets 1562, The gas cavity interacts rapidly with the surrounding tissue © and induces
mechanical disturbance to bone, leading to the formation of callus %. H, evolution is the main
reason for which Mg was abandoned in its early medical applications 2636, H, evolution
reflects corrosion kinetics and can be utilized to estimate the corrosion rate of Mg alloys.
Assessing the corrosion rate of Mg alloys by measuring H, evolution rate is useful and
important. This is because 1) H; release is a damaging process for Mg implantation and needs
to be monitored; 2) the mole value of evolved H; is exactly equal to that of the dissolved Mg
and therefore H, evolution rate can give an accurate measurement of Mg corrosion rate; 3) 1
mole of the evolved H; is equivalent to 2 moles of OH- produced in the solution and so H,
evolution rate shows the alkalization rate occurring in the solution ¢’. Hence, measuring H,
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evolution has been used as an important technique to compare the biodegradability, of different 2.
Mg alloys.

To measure H; evolution, a sample is immersed in the SBF and a collector is placed in the SBF
above the sample to collect the H, gas once released. According to Reaction 1 and Eq. 1, 1
mol of H, gas (22.4 L) directly corresponds to the dissolution of 1 mol of Mg (24.31 g) 3:

Mg + 2H,0 — Mg(OH), + H, (Reaction 1)
PV =nRT (Eq. 1)

where P is standard atmospheric pressure (Pa), V is volume of H, (m?), n is the amount of the
gas (mol), T is the temperature (K).

According to the volume of H, and Eq. 1, the corrosion rate can be calculated by considering
1 mL H, =0.001083 g Mg into Eq. 2 33:

CR = W/Atp (Eq. 2)

where CR is corrosion rate, W is the weight loss of Mg, A is the surface area of Mg exposed
to the corrosive medium, t is exposure time and p is density. Consequently, the measurement
of H, is equivalent to the measurement of weight loss where one atom of Mg produces one H,
gas molecule.

An H, evolution rate of 0.01 ml/cm?/day has been introduced as a tolerated level which can be
used for selecting a biomedical Mg alloys as a candidate for further in vivo experiments !7.

The diffusion and solubility coefficients of H; in different tissues have been widely studied 8.
The solubility of H, in tissues depends on the content of proteins, lipids, salinity and the
diffusion coefficient of H, has a direct correlation with water fraction of the tissue 8. This
might explain why different H, evolution rate are seen for Mg alloys in different anatomical
implantation sites 3971, Accordingly, the local blood flow and the water content of the tissue
surrounding implant should be considered for designing biodegradable Mg implants 72.

2.2.3. pH monitoring

In a non-buffered media, corrosion of Mg can lead to high alkalinity of the electrolyte i.e.
pH10-12 7374 and even in buffered solutions, pH increase happens 7°. In the corrosion
reactions, cathodic reactions occur and cause this change in the pH value. For some non-bio
applications of Mg alloys, the alkaline pH shift on the surface is helpful, because it aids to
passivate the Mg surface by forming passive Mg(OH), surface layers. For example, Mg alloys
can present a good corrosion performance under atmospheric exposure, where thin electrolyte
layers on the alloy surfaces allow strong alkalization 7. However, such effects are harmful for
biological applications. Some Mg corrosion products have also been indicated to have
antimicrobial properties, and these corrosion products are formed due to strong pH increase 77
The pH value obtained in in vitro experiments is different from that in in vivo experiments
since in vivo is highly dynamic 76. On implantation, the pH value of tissues around the implant
may reduce to 5, and then increase to 7.4 few weeks post-implantation 6. As Mg corrodes, OH-
is released and enhances the local surface pH to around 12. pH monitoring is normally done
from surface or close to the surface of the sample. However, such measured pH value may not
be representative of the pH at the sample surface and may be different by several pH units 78.
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This matter should be considered in experiments. pH value is recognised tQ, pOSSESSoidionaaon;
significant impact on Mg corrosion as increasing pH value can result in the formation of a thick
corrosion layer and therefore a reduction in corrosion rate 7°. Accordingly, the maintenance of

a particular pH range as it happens naturally in vivo, by using a buffer is important 8°, which is
practically done through pH monitoring and solution renew or modification #31.

2.2.4. Mg ion release

Evaluation of released Mg ion in the solution is another method to measure the corrosion rate
of biodegradable Mg alloys. Inductively coupled plasma-atomic emission spectrometer is used
for this purpose to determine the Mg ion concentration in the solution. Mg ion concentration is
converted to corrosion rate according to Eq. 3 8!:

CR = iV/At (Eq. 3)

where CR is corrosion rate, i is Mg ion concentration, V is solution volume and 4 is the original
surface area exposed to the corrosive media and t is the immersion time. This technique has
the same problem as weight loss method, which may have error if the deposited corrosion
products cannot be entirely cleaned from the sample surface.

2.3. Corrosion fatigue

Implants in bone and blood vessel applications are usually used under cyclic loading conditions
such as alterations between compression, tension and bending. Fatigue failure occurs at a cyclic
load below the fatigue limit 8. Combination of electrochemical corrosion and cyclic
mechanical loading causes corrosion fatigue, and finally implant failure 3384, The corrosion
fatigue of Mg alloys has been studied in 3.5 wt.% NaCl (pH ~ 5) 8, 5 wt.% NaCl (pH ~ 6.59)
86 and 0.1N Na,B407 (pH ~ 9.3) solutions 3%, but there are no reports regarding the corrosion
fatigue of biodegradable Mg alloys in a physiological environment. However, Gu et al ¥’
studied the corrosion fatigue behaviours of a die-cast AZ91D Mg alloy and an extruded WE43
Mg alloy in the SBF. Under cyclic loading, both alloys showed increased corrosion rates. This
effect was further enhanced with increasing cyclic loading. The corrosion fatigue strength of
the AZ91D alloy in the SBF was much lower than that in air, being 20 MPa at 10° cycles
whereas the corrosion fatigue strength of the WE43 alloy in SBF was 40 MPa at 107 cycles.

Table 1 summarizes an outline of different in vitro corrosion tests and some recommended
technical points for experimental designs.

Table 1.

2.4. Effect of chemical composition and microstructure

Careful selection of alloying elements is the first step in designing Mg alloys. A range of
alloying elements such as Al, Zn, Ca, Ag, Ce, and Th can be added to improve mechanical
properties by microstructural refinement, solid solution hardening and precipitation hardening
88-91 On the other hand, alloying elements that have electrochemical potentials similar to that
of Mg (—2.37 V),suchas Y (—2.37V), Nd (-2.43 V) and Ce (—2.48V), and those have relatively
high solid solubility in Mg, such as Sc (25.9 wt.% limit), Gd (23.5 wt.% limit) and Dy (25.3
wt.% limit) can decrease corrosion rate by reducing internal galvanic corrosion in physiological
environments 39293, Among alloying elements, Ca acts as a grain-refining agent in Mg alloys,
can stabilize grain size at levels up to 0.5% of the Mg alloy content °4, and is also an essential
element for bone cell signalling and beneficial to bone healing ®. Zn is one of the most
abundant essential nutrients in the human body °® and is an effective strengthening element

8
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through both solid solution hardening and precipitation hardening 7. In terms of, ¢corrd§igh 5se .
behaviour, the degradability of Mg;;Al;, second-phase, tested in SBF using electrochemical
measurements, has been found to be lower than that of bare Mg °8. However, the effect of
second-phase particles is complicated, depending on their size, morphology, volume fraction

and distribution, in addition to their electrochemical properties. Alloying elements having
relatively high solid solubility in Mg, such as Y (12 wt.% limit), Sc (25.9 wt.% limit), Gd (23.5

wt.% limit), and Dy (25.3 wt.% limit) also play a role of solid solution hardening®°.
Nevertheless, it is always of fundamental importance to assure that the amount of alloying
elements should be controlled within the safety range in terms of biocompatibility and
cytotoxicity.

The effect of grain size on material strength is clear and it follows in general the famous Hall-
Petch relationship %, i.e., yield strength increases with decreasing grain size. Grain size has
been shown for some alloys to have a strong impact on the corrosion rate 19101, However, the
general effect of grain size on corrosion resistance is not straightforward. The relative
dissolution or passivation of a surface has been linked to the total grain boundary length,
which is considered a proxy for overall surface reactivity and diffusivity and is normally
expressed by the average grain size. Depending on the material and environment
combinations, decreased grain size can either increase or decrease the corrosion rate.
Corrosion rate is controlled by the diffusion of the reactants through the surface film and
grain size particularly can influence this diffusion-controlled process. It has been shown that
in an environment where the reaction is favourable for the formation of a surface passivation
film, a fine grain microstructure tends to promote the development of a more uniform and
tough surface film 67-190:102_ One of the explanations is that a fine-grained microstructure most
likely provides a means for relieving tensile or compression stresses in the surface film by
producing porosity through vacancy supply via grain boundaries, thus reducing the tendency
of film cracking '°2. However, once the aggressive anion concentration exceeds a certain
limit, or the reaction favours the dissolution of the surface film when the environment’s pH
value is low, the film loses its corrosion protection ability ¢7-193, Under this circumstance, the
high density of defects and high diffusion rate provided by the grain boundaries will assist the
corrosion attack %4, Decreased grain size thus leads to an increasing corrosion rate. More
detailed discussion is beyond the scope of this paper but readers are suggested to be careful
with observations on corrosions associated with grain size change.

2.5. Effect of the inorganic and organic contents of the solution

2.5.1. Inorganic contents

Blood plasma is a neutral solution contain inorganic contents such as ClI-, HPO4 2, HCO;",
Mg?*, Ca?* 195 and organic contents such as amino acids, proteins and glucose 7%1%, Previous
investigations 44107.198 have proved that Cl™ ions can cause pitting corrosion while phosphates
4 reduce corrosion rate. Although carbonate '% can promote corrosion, it can also lead to rapid
surface passivation because of magnesium carbonate deposition. In terms of general corrosion,
sulphate '? is more aggressive than chloride. Xin and co-workers 44 have studied the effect of
ions in the physiological environment on the corrosion behaviour of a biodegradable Mg alloy.
They found that OH™ can increase the localized corrosion but stabilize the corrosion products;
however, Mg(OH), is a loose layer and not able to provide enough protection. Moreover, C1~
ions on the surface can convert the Mg(OH), layer into soluble MgCl, while HCO;~ and HPO4>~

9
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can convert Mg(OH), into more stable Mgs(CO;)4(OH),5H,0 and Mg3(POs),, sespectiyELYoonor

The effect of inorganic contents on the corrosion of Mg alloys is as follow (Reactions 2-7) 33:

Mg — Mg+ 2e~ (Reaction 2)
2H,0 +2e — H,1 + 20H (Reaction 3)
Mg+ 20H — Mg(OH),| (Reaction 4)
Mg(OH), + CI-— Mg?* + CI-+ 20H" (Reaction 5)
5Mg?" +4CO53%” + 20H™ + 5H,0 — Mgs5(CO3)4(OH), 5H,0 (Reaction 6)
Mg2* + HPO,2 — MgHPO,| (Reaction 7)

The corrosive medium of body fluid consists of a 0.9% NaCl solution with small amounts of
other inorganic ions including Ca%*, PO4>~ and HCO;~ '!!. Due to the existence of high
concentration of CI~ ions, the physiological environment is highly corrosive for Mg alloys.
Other ions may affect corrosion behaviour, either as accelerators or inhibitors. Although Mg?*
ions can react with phosphate ions and result in surface layers which protect the surface from
corrosion 76, the precipitation of Mg;(POy,), consumes OH™, promotes the forward reaction, and
accelerate the corrosion of Mg 4. The dissolution of Mg(OH), by CI~ makes the surface more
active or decreases the protected area, therefore giving rise to further corrosion of Mg.
Carbonates can increase or decrease corrosion rate, depending on HCO5;~ concentration. If
HCOj5™ concentration exceeds 40 mg/L, the corrosion rate increases because of the accelerated
dissolution of the Mg(OH), and MgO protection films. Otherwise, the corrosion is reduced .
Since the concentration of HCO;™ in the SBF is around 256 mg/L "2, much higher than 40
mg/L, the carbonates accelerate corrosion rate in the SBF. Sulphates are also corrosive to the
Mg but not as much as Cl™ ions !'3.

2.5.2. Organic contents

Proteins

Protein adsorption on Mg surface has a significant effect on corrosion rate reduction, since it
makes a dense insoluble salt layer, which protects Mg against corrosion 8. Blood plasma
contains around 6.3—8 wt.% of proteins 78. Zeng et al. !4 have shown that adding bovine serum
albumin changes OCP to a more positive value in SBF and reduces the localized corrosion.
Corrosion behaviour of Mg alloys has also been explored with corrosion media containing
proteins 40:72.115.116 Proteins such as albumin form a corrosion barrier layer enriched by calcium
phosphates on Mg alloys in vitro and in vivo ©-117-118 which gives protection against corrosion.
Yang et al. '!° reported that proteins delay corrosion and alter ion composition of the media. A
recent study has shown that adding proteins or corrosion testing in fetal bovine serum decreases
the corrosion rate of Mg alloys by 10 to 1000% !4, Corrosion inhibition by albumin addition
has also been reported for an AZ91 Mg alloy in SBF solution '!7, as well as for Mg—Ca alloys
in water and in NaCl solutions '2°. These examples show that albumin is effective on enhancing
corrosion resistance for Mg and its alloys, although this effect can be strongly alloy dependent
76, Generally, protein adsorption layers act as a protective layer between the metal surface and
the corrosive media, thus inhibiting corrosion. Proteins may also complex with the metal ions
and accelerate corrosion; such effects would be expected to depend on the type of metal.
Adsorption of albumin happens on the surface of Mg. However, the nature of the protein
adsorption layer can change with time due to Mg corrosion, which is time dependent. For
example, a pH increase on Mg surface can cause denaturation or desorption of proteins.
Experiments with serum addition in the SBF solution have also been performed showing the
time-dependent complex behaviour '2!. For Mg-Ca alloys, serum proteins accelerated
corrosion and for AZ31 Mg alloy, the serum proteins enhanced the corrosion rate in first 3 days
immersion and then decreased it, whereas for AZ91 Mg alloy a decreased corrosion rate was
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noticed. Yamamoto and Hiromoto have assessed the effect of amino acids and prgteins o the, o5
corrosion behaviour of pure Mg 7® and amino acids were found to increase Mg corrosion, which

was explained by the chelating effect of Mg cations. However, serum proteins reduced the
corrosion. Hence, proteins play a key role on the corrosion behaviour of Mg alloys and the
effect of proteins can change with corrosion time. Thus tests in different time-scales may cause

very different results. To date, very little surface analytical work has been performed to observe

the impact of proteins on the nature of the corrosion product layers formed on the Mg alloy
surfaces. Clearly, more research on the mechanisms of protein’s effect on the corrosion of Mg
alloys and on their corrosion product formation is required 7.

Glucose

It is still challenging for Mg alloys to be implanted in diabetic patients with high levels of blood
glucose. So far, the effect of glucose on corrosion of Mg has not yet been clarified. In a research
regarding the effect of glucose on the corrosion behaviour of Mg, pure Mg has been
demonstrated to have different corrosion behaviours with different glucose contents of saline
and Hank’s solutions. On one hand, the corrosion of pure Mg accelerates with glucose
concentration in saline solutions. As glucose quickly transforms into gluconic acid, which
attacks metal oxides and reduces the pH value of the medium, it also encourages the absorption
of CI” ions on the Mg surface and so increases the corrosion rate. On the other hand, for Hank’s
solutions with higher glucose content, better corrosion resistance has been observed. It can be
due to the fact that glucose coordinates Ca®" ions in Hank’s solution and therefore improves
the formation of Ca-P compounds on the surface of Mg !9, Thus, glucose increases the
corrosion rate of pure Mg in saline solution while decreases the corrosion rate of pure Mg in
Hank’s solution because of the effect of Ca?" and phosphate ions in the Hank’s solution,
showing medium dependency of glucose effect. The effect of inorganic and organic contents
on the corrosion rate of biodegradable Mg alloys has been summarized in Table 2.

Table 2.

2.6. Selection of suitable medium for in vitro corrosion studies

An important step in in vitro experiments of biodegradable Mg alloys is the selection of a
suitable test medium. Different types of media that mimic the composition of body fluids have
been used in in vitro studies such as 0.9 wt.% NaCl solution, SBF, Hanks’ solution, DMEM,
and PBS %4779 The ionic composition of the solutions and concentrations of the buffering
agents are different 122, Mg alloys present different corrosion responses in different solutions.
For example, the Icorr for AZ91D Mg alloy obtained in 0.9% NaCl aqueous solution (tested
by Yao et al. '23) and in Hank’s solution (tested by Song et al. 4!) was 22.5 pA/cm? and 297
uA/cm?, respectively. The difference is substantial. Both inorganic and organic contents have
impact on corrosion behaviour, so composition of the solution must be carefully selected. For
in vitro corrosion tests, a buffer medium containing similar components to blood plasma needs
to be used 33. HCO5- and HPO4?- change the corrosion behaviour of Mg, because they cause the
formation of insoluble corrosion products on the surface which retard the corrosion process. In
addition, Mg corrosion releases OH- which interact with buffering agents in the solutions and
alters corrosion rate. Therefore, the concentration of buffering agents will also influence the
corrosion rate of Mg alloys #!22. For example, in the case where the concentrations of inorganic
ions are similar, the buffering concentrations in c-SBF and Hanks’ solution are different. It has
been shown that the corrosion rate in c-SBF is about one order of magnitude more than that in
Hanks’ solution. This difference is mostly due to the high concentration of Tris—HCI, which
can react with OH-, and then accelerates the corrosion of Mg 4122, Even with the same
concentration of buffering agents, the type of buffering agents affects the corrosion behaviour
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of Mg alloys. Although Hanks” solution contains inorganic ions with concentrations simildr£a; 2.
those in the body fluid, the lower concentration of buffering agents and much lower
concentration of HCO;™ (~ 4.0 mmol L) has a negative effect on in vitro corrosion rates.
Among SBF solutions such as c-SBF, modified SBF and r-SBF, r-SBF has the same amounts
of inorganic ions, buffering agents and HCO; as the body fluids, and therefore it is
recommended as an appropriate solution for in vitro corrosion for Mg alloys. However, it
should be noted that r-SBF does not have amino acids, proteins, and glucose, which means that
corrosion performance obtained is accurately the same as that in a body fluid. DMEM contains
both organic and inorganic components but with variable contents. DMEM with concentrations
of inorganic ions, buffering agents and HCO; equal to those of the body fluid is most
appropriate for the in vitro corrosion tests of Mg alloys 4122, The Minimum Essential Medium
(MEM) is also used as a tissue culture media, which is more realistic than the dilute chloride
or Hank’s solutions and is closer to the physiological conditions because it has a variety of
amino acids and vitamins (in addition to salts) that are present in blood plasma 4. A careful
attention needs to be paid to temperature control during test ', Besides the mentioned inorganic
and organic contents of body fluids, cells are another factor affecting the corrosion behaviour
of metallic materials inside human body. Macrophages and active oxygen species produced by
them have increased the corrosion of Ti 24, Not only the biological contents but also the
biomechanical environment including blood flow may affect Mg corrosion inside body. Based
on these discussions, a continuous or controlled flow system !'® is desirable for the in vitro
corrosion assessment for Mg alloys 8.

2.7. Buffer-regulated corrosion

To maintain a stable pH level which is critical for the normal function of proteins and cells, the
body uses a natural buffer system by the oxidation of organic molecules to create bicarbonate
ions that provide the buffer capacity 2. To reduce pH variations during in vitro tests, a pH
buffering system is therefore needed. Without buffering, the solution pH level quickly
increases and reaches to a level above the pH value that is acceptable for the physiological
environment. To limit this pH change without using buffers, one has to either regularly renew
the corrosion medium or use a large medium V/S. Therefore, it is more convenient and cost
effective to use a buffer system 26, The commonly used buffering agents in SBF solutions are
HEPES, Tris—HCI and HCOj;". HEPES and Tris—HCI are buffers which can only consume the
produced OH- during the Mg corrosion. HCOj;™ (~ 27 mmol L-! in the body fluids) as a well-
known buffering agent in the body is not only capable of consuming OH-, but also induces the
formation of insoluble carbonates. This will result in different corrosion behaviours in solutions
with the same total buffering agent concentration but different HCO;  concentrations 22,
NaHCOs is also an important buffering system in a cell culture medium by combining H,CO;
derived from dissolved CO, in the incubator. However, Ksp of MgCOj3 in water is 6.82 x 1076
which is low 27 and therefore MgCOj; may precipitate in a medium contain NaCl + NaHCO;.
In the case of atmospheric corrosion, which contains only 0.3 vol.% of CO,, MgCO; and its
hydrates are formed on the surface of Mg alloys !28. Typically, 2.2 g/l of NaHCO; is added to
the SBF solution that is kept in a 5-10% CO, atmosphere. The NaHCO5/CO, system is
effective to keep the pH balance in a physiological range and is usually utilized in the cell
culture 26, As another pH buffering system, zwitterion has both positive and negative charges,
and has both acid and base. The most common type of zwitterion is HEPES '?° and it can be
used with no special environment requirement (e.g. CO, atmosphere). Selection of buffer plays
an important role in the corrosion rate control of Mg. According to the studies by Kirkland and
co-workers 8, the weight loss of Mg in the presence of HEPES was 4 times more than that in
NaHCO;5/CO, buffer system. For both buffers, corrosion in the MEM solutions was higher,
which shows that the presence of amino acids leads to more rapid corrosion of Mg. A possible
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reason for the reduced corrosion in NaHCO5/CO, buffered media is the deposition.of a cal¢ 0028911
carbonate or magnesium carbonate layer on the surface. Moreover, NaHCO;/CO, buffer helps
the nucleation of CaP on the Mg surface, which cause a lower corrosion rate.

2.8. Flow rate of solution

In vitro immersion tests can be carried out at a static or dynamic state. In static immersion test,
samples are immersed in still solution, whereas in a dynamic state, the solution is flowing.
Most research has been performed in the static state. Some results indicate that static state does
not represent in vivo corrosion 3%, Thus, dynamic equipment has been developed for better
simulation of the in vivo environment. For cardiovascular stents, a Chandler-Loop 3132 has
been used to simulate the dynamic corrosion of Mg alloys in human blood. A dynamic
condition using human blood or modified SBF solutions, with control of rotation speed is
recommended for assessing blood contacting devices such as Mg-based cardiovascular stents
133, Hiromoto et al. 133 have explored the corrosion procedure of pure Mg in 0.6% NaCl under
rotational speeds of 1, 120, 1440 r/min and found that solution flow increases Mg corrosion
rate by decreasing the formation of corrosion products on the surface. Thus, the flow rate of
the solution should be adjusted to be similar to the flow rate of blood in the implanted area.
Figure 2 shows an example of a dynamic corrosion test 8!. The amplitude of medium shear
stress also affects Mg corrosion behaviour. A low stress protects the surface from localized
corrosion while a high stress causes localized corrosion '8,

Figure 2.

2.9. Effect of temperature

The body temperature (i.e. 37 °C) increases the corrosion rate and can change the corrosion
mechanism and kinetics of corrosion reactions when compared to room temperature. The
formation of Ca-phosphates on implant surfaces also depends on temperature 7°. The corrosion
rates measured at 37 °C have been reported to be over 100% higher than those measured at 20
°C i.e. There is a twofold increase in the corrosion rate form room temperature to 37 °C. A
further 50% increase has been reported when testing at 40 °C, with only a temperature increase

of 3 °C. Therefore, strict control of testing temperature around 37°C is strongly recommended
4,14

3. In vivo corrosion measurement

The results obtained from in vitro studies are usually not reflective of in vivo environments,
presenting a challenge for researchers '3%134, Total amount of body fluid affects the corrosion
rate of Mg. The fact that an increased amount of body fluid increases Mg corrosion rate
suggests that Mg implantation in a small animal is not always a suitable way to predict the
corrosion behaviour of Mg alloys in human body 78. Witte et al. 13° found that the corrosion
rate in vivo is around four orders of magnitude lesser than that of the in vitro by a comparison
between the in vitro and in vivo corrosion rate of Mg alloys. The results of this research
recommend that the present ASTM standard for in vitro corrosion studies cannot be used to
present the in vivo corrosion rates of Mg alloys. For example, in vitro and in vivo corrosion
experiments on the LAE442 and AZ91D Mg alloys indicated opposite corrosion rates. An
AZ91D alloy was found to reduce corrosion rate more than LAE442 in vitro while the AZ91D
exhibited higher corrosion rate than LAE442 in vivo. However, both Mg alloys showed an in
vivo corrosion rates that were four orders of magnitudes less than those obtained in vitro.
Evaluation of in vivo corrosion particularly in hard tissues is difficult. The blood flow around
an implant and some other parameters including oxygen supply, pH value and flow of corrosive
media will affect in vivo corrosion. A pH value drop for example occurs post-surgery, leading

13


https://doi.org/10.1039/c9bm00289h

Biomaterials Science Page 14 of 45

to a short-term increase in corrosion rate and then creation of a stable corrosion layer, 2% THE 5501

corrosion process is expected to decrease due to this corrosion layer. Moreover, a lesser content
of chloride pitting ions is present in vivo in contrast to the in vitro in which it is higher. This
might explain the overall lower corrosion rates in vivo, which is confirmed by the observation
of smoother surfaces of implanted samples '3°. Besides, in vivo corrosion rate strongly depends
on the location of implant because differences in blood flow, the amount of water and ion
contents, cells, etc. change with location and affect corrosion behaviour !3°. For example,
intramedullary implants displayed more corrosion than subcutaneous implants '3, Therefore,
selecting a proper corrosive media is important and can better simulate an in vivo corrosion
condition. For example, Walker et al. 13 immersed Mg, AZ31, Mg-0.8Ca, Mg-1Zn, Mg-1Mn,
Mg-1.34Ca-3Zn Mg alloys in Earle’s balanced salt solution, MEM, or MEM-containing bovine
serum albumin for 1, 2, and 3 weeks. The in vitro results, compared with in vivo implants in a
subcutaneous environment in rats for same time points suggested that, the Earle’s balanced salt
solution buffered with sodium bicarbonate gives a corrosion rate comparable to those seen in
vivo. However, the addition of components such as HEPES, vitamins, amino acids, and
albumin increased the corrosion rates.

4. Post corrosion analysis

4.1. Corrosion morphology

The corrosion morphology of samples is usually observed under the optical microscope and
scanning electron microscope (SEM) before and after cleaning the corrosion products from the
Mg surfaces by chromic acid solution %137, The usual corrosion characteristic of Mg alloys is
localised corrosion due to microstructural and chemical heterogeneity and changes from alloy
to alloy '4. The surface morphology of Mg changes during the corrosion process starting from
formation of microcracks to deposition and growth of corrosion products (Figure 3) 133

Figure 3.

4.2. Corrosion products

Corrosion of biodegradable Mg alloys is accompanied by the formation of four components
including 1) a corroded surface on the implant; 2) released Mg ions and other alloying
elements; 3) a large amount of OH-; and 4) H, gas. Corrosive media used in in vitro experiments
such as SBF, DMEM and PBS have large amounts of buffering agents such as HCO;~, HPO,?,
Tris—HCl and HEPES, which can consume the produced OH- and mediate immediate variations
in the pH values. Thus, although quick corrosion of Mg occurs in these buffered solutions, the
pH value changes gradually. The dissolved Mg ends up in two places - the solution and the
surface layer. For example, after immersion of pure Mg in the SBF solution for 10 days, more
than half of the released Mg ions deposited on the surface layer '3°. The composition of formed
corrosion products layer after corrosion changes with the type of solution and the composition
of alloys. In SBF solution, Hanks’ solution and DMEM with HCOs- and HPO,4?- ions, insoluble
phosphates and carbonates are often formed in the corrosion product layer besides the MgO
and/or Mg(OH), '?2. Due to the amorphous nature of corrosion products, it is hard to recognize
the exact phases that have formed !'14°, although, some reports have indicated the formation
of crystalline phosphates and carbonates in the layer 3%14%-141 The main corrosion products in
the PBS solution, are magnesium phosphates and Mg(OH),. However, insoluble carbonates are
also found on samples exposed to PBS, probably formed by the dissolved CO, in the solution.
The calcium-containing corrosion products on the AZ91 Mg alloy exposed to SBF solution and
DMEM tend to aggregate at isolated regions. The high concentration of CI- ions can change
the formed Mg(OH), layer into soluble MgCl,. This Mg(OH), breakdown reduces the protected
area, therefore accelerates the corrosion of the substrate '22. The corrosion product removal
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after immersion is important. Some researchers 3142143 rinse the samples by distilled Waterooa0:;
and weigh them, others #* try to remove the corrosion products by brush while others 34143.146
clean the samples by 180 g/L chromic acid. These cleaning processes all have some
weaknesses: 1) brushing may destroy the matrix of the metals and leave scratches on the
surface, which adds to the weight loss, 2) washing by distilled water cannot clean all the
corrosion products from the surface, causing weight gain 13°, and 3) washing by chemicals
should be paid much attention to avoiding the reactions between the substrate and the chemicals
through long-time washing. Furthermore, surface coated samples should avoid chemical
cleaning to avoid reactions between the surface and chemicals +33.122,

5. Corrosion rate measurement

Corrosion rates measured from different experimental method vary and, in complex media
which simulate body fluids, measuring corrosion rate accurately is more difficult. Thus, some
researchers measure corrosion rate by measuring the volume of H, gas which releases from Mg
during corrosion. This method has some restrictions especially because of the variations of
atmospheric pressure and possible H, leakages from the experimental set-up 2%72. The most
common methods to measure corrosion rate in vitro are gravimetric measurements (weight
loss) and electrochemical tests (polarization and EIS). In polarization test, Icorr is calculated
by Tafel extrapolation to the cathodic and anodic regions of the curves. Then, Icorr is converted
to the corrosion rate based on Faraday’s Laws (Eq. 4) '3

CR = tMIcorr / nFp (Eq. 4)

where CR is the corrosion rate, t is the exposure time, Icorr is the corrosion current density, M
is the Molar mass, n is the number of electrons involved in the corrosion reaction, F is the
Faraday’s constant (96 485 As/mol), p is the standard density of Mg alloy '3°. Also, the
corrosion rate (Pi (mm/year)) can be calculated from Icorr (mA/cm?) according to Eq. 5 137147

Pi=22.85Icorr (Eq.5)

Note that, electrochemical test is a kind of accelerating corrosion process, which cannot
simulate the real corrosion situation in vivo, but can be utilized as a basic method of measuring

corrosion properties 33. In the weight loss method, the corrosion rate is calculated according to
Eq. 6 5.122;

CR = W/At (Eq. 6)
where CR is the corrosion rate, W is the weight loss of the sample, A is exposure area and t is
exposure time in the solution. Before weighing, the sample is usually immersed in chromic

acid for around 5-10 min to clean the corrosion products !'?2. The corrosion rate (C

(mg/cm?/day)) can be converted to an average corrosion rate (PW (mm/year)) using Eq. 7
148,149.

PW =2.10C (Eq.7)
The Mg corrosion reactions indicate that 1 mol (i.e. 24.31 g) of Mg metal corrodes and
produces 1 mol (22.4 L) of H, gas. Consequently, the H; release rate (VH (ml/cm?/day)) can
be related to the weight loss (AW (mg/cm?/day)) by Eq. 8 11:150:151:

AW =1.085VH (Eq. 8)
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And, the corresponding corrosion rate, PH (mm/year), is calculated using Eq. 9 137
PH =2.279VH (Eq.9)

In the case of Mg corrosion, there is a good agreement '-'47 between the measured corrosion
rate by the weight loss rate and that evaluated from the H, release rate.

Corrosion rate can also be evaluated from implant volume change using three-dimensional
(3D) imaging data. Assuming a homogeneous alloy, the implant volume decrease can be
converted to the corrosion rate by modifying Eq. 6 with the weight loss (W) substituted by the
reduction in volume (AV) as Eq. 10 13

CR =AV/At (Eq. 10)

where CR is the corrosion rate, AV is the reduction in volume that is equal to the remaining
implant volume subtracted from the initial implant volume, A is the surface area of implant
exposed to corrosive media and t is the exposure time '3°. The corrosion rate equations and
relevant parameters are summarized in Table 3.

Table 3.

6. Type of corrosion

Another aspect of corrosion of Mg alloys is that Mg alloys usually are not corroded in a uniform
manner. Generally, non-uniform corrosion is seen, as either the surface of material or the
surroundings indicate heterogeneities. Most Mg alloys are of multi-phases and grain structures
and therefore chemically and microstructurally heterogeneous. The existence of second-phase
particles (intermetallic) is usually desired for enhancing mechanical properties. Even for pure
Mg, owing to limited solubility, most impurities in Mg are present as particles or inclusions.
Since basically all alloying elements and impurities are nobler than Mg, intermetallic phases,
rich of alloying elements, will naturally act as local cathodes coupled with the Mg matrix as
the anode. In all cases of galvanic corrosion, the coupling efficiency depends on the potential
difference of the anodic and cathodic regions. Thus, alloying elements or impurities with a low
overpotential for H, release reaction are more harmful for Mg than the alloying elements with
a higher overpotential for H, release. Coupling with nobler surface sites not only increases the
corrosion of the Mg matrix, but also results in a non-uniform corrosion morphology. A non-
uniform corrosion process can be risky, particularly when under mechanical loads; the
mechanical stability may be locally lost and implant is fractured from that site. Furthermore,
life-time prediction is more difficult for non-uniform corrosion compared to uniform corrosion
76, Qverall, pitting and localized corrosion are the most common corrosion mechanisms of Mg
alloys in the physiological environment, which are related to not only the heterogeneous
structure of the alloy, but also the compositions of the solution. For example, AZ91 Mg alloy
has a much high tendency to pitting corrosion when exposed to the SBF solution 122,

7. Corrosion mechanism

The corrosion mechanisms of Mg alloys in an aqueous solution is mainly determined by the
electrochemical reaction with water to generate Mg(OH), and H, (Figure 4). Although the
overall corrosion behaviour of Mg alloys has not yet been studied systematically, it is assumed
that corrosion reactions of Mg alloys are in principle similar to those of pure Mg. The main
corrosion product of Mg alloys is Mg(OH), in both in vitro and in vivo environments *°.
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Mg(OH); is stable in the range of pH values of 8.5-11, depending on the concentration,of WEE=T, o501
in the solution, but soluble in the neutral or acidic range of pH values. As corrosion progresses,
the pH value of the medium near the Mg surface will rise with the accumulation of OH™. This
causes formation of the Mg(OH), on the surface because the solubility of Mg(OH), reduces
with the increase of OH™ concentration because of the increase in the pH value of the solution.
The accumulated Mg(OH), layer on the surface of Mg can act as a protective layer against the
corrosion by inhibiting mass diffusion between the Mg substrate and the solution. The Mg>*
ion release continuously decreases in initial days of immersion, indicating that maturing and
thickening of accumulated Mg(OH), layer has contributed to the reduction of Mg?* release 73.

Corrosion reaction converts Mg to Mg?* in two electrochemical steps, involving the uni-
positive ion, Mg*, as a short-life intermediate, as given by reactions (7) and (8) and the anodic
partial reactions are balanced by the cathodic partial reaction of H, release, reaction (9) 137:

Mg — Mg" +e¢ anodic reaction (Reaction 7)
kMg" — kMg?" + ke- anodic reaction (Reaction 8)
(1+kH,0+ (1 +K)e — 1/2(1 + k)H; + (1 + k)OH- cathodic reaction (Reaction 9)

The uni-positive ion, Mg", is reactive and has a life time too short to be detected !!, and can
react chemically with water. Therefore, a fraction, k, of the uni-positive Mg*, reacts
electrochemically according to reaction (8) to Mg?*, and the complement reacts chemically
according to reaction (10) 137

(1 -k)Mg"+ (1 —k)H,0 + (1 — k)OH-
— (1 = k)Mg(OH), + 1/2(1 — k)H, chemical reaction (Reaction 10)

The overall reaction is as below (reaction (11)):
Mg + 2H,0 — Mg(OH), + H, overall reaction (Reaction 11)

The corrosion of Mg is partly electrochemical, and electrochemical measurements would be
thus expected to predict a corrosion rate lower than the real value as measured by weight loss
or hydrogen evolution tests. The apparent electrochemical valence is given by (1 + k). The
standard electrode potential of Mg?"/Mg is —2.37 V at 25 °C, while the actual corrosion
potential of Mg is typically —1.7 V in dilute chloride media. Song et al. ''* reported that the
existence of CI ions increases the electrochemical reaction rate via MgCl, formation, which
hydrolyses to create HCI in a localized auto-catalytic process. During the corrosion process, a
high amount of Mg ions dissolves into the test solution and the pH value enhances as a result
of reaction (9). High speed release of Mg ion reduces the formation of calcium phosphate.
Therefore, the increase in pH value plays an important role in calcium phosphate formation. In
the SBF solution, insoluble magnesium phosphate (Mg3(PO,),), may also form as corrosion
products according to reaction (12) 132

Mg(H2P04)2 + 4H20 — Mg3(PO4)24H20 + 4H3PO4 (Reaction 12)

As discussed above, due to reaction (9) the pH value of SBF solution increases. Consumption
of OH™ by H3;PO, accelerates reaction (10) and encourages the formation of insoluble
Mg;(PO4),, which is the reason for the low Ca/P ratio in the corrosion products. The corrosion
product layer has been found to contain calcium phosphate, magnesium carbonate and
hydroxyapatite. It has been suggested that the layer is formed by the interaction of Mg ions
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with calcium, carbonate and phosphate ions, which are constituents of Hank)s, and.SBE o5k
solutions, by the following precipitation reactions (reaction (13) and (14)) '33:

Mg2* + Ca?* + (PO,4)3 — CazMg;3(POy)4 (Reaction 13)
Mg2* + (CO3)* — MgCOs (Reaction 14)

Li et al. 13 have indicated that the pH value of SBF solution in contact with pure Mg increases
initially and then becomes stable after around 3 days due to a balance between the formation
and dissolution of the corrosion products. This is the reason for the detection of similar weight
percentage of elements in the corrosion products after 7 days immersion.

Following the cathodic reaction (reaction (9)), OH™ releases into the solution. This can enhance
the localized pH value, increase the precipitation and stabilization of the corrosion products
and thereby pitting corrosion is gradually reduced. Chemical dissolution together with the
electrolyte penetration result in the corrosion on the surface of Mg alloy, leading to the
formation of corrosion products, such as magnesium hydroxide and magnesium phosphate, as
discussed above. However, it is hard for the corrosion products to form in the microcathode (y
phase) area of Mg alloy where H, is released. The corrosion products precipitate generally at
the vicinity of the microanode (o phase) due to the OH™ diffusion 4. Accordingly, the active
point decreases and passivation by the corrosion products layer enhances with time. As
previously mentioned, due to microstructural heterogeneity, pitting corrosion occurs in the Mg
alloy. For example, in the case of AZ91 Mg alloy, y (Mg;7Al;,) secondary phase has a higher
standard voltage and forms an electrolysis junction with the a-matrix. Pits are usually formed
because of the selective attack along the y phase 7. The corrosion product can reduce this
galvanic effect between the two phases %. In long-term immersion tests, the galvanic effect
decreases, and the mechanism of corrosion changes from general to pitting corrosion. For Mg,
the critical chloride concentration which is needed for pitting corrosion is around 30 mmol/L
i.e. much lower than that in SBF which contains 142 mmol/l. Thus, pitting corrosion is a
common corrosion type of Mg alloys exposed to the SBF #7. Petty et al. '>* also showed that
the corrosion of a two-phase Mg alloy, in a typical environment like 3% NaCl is characterised
by heterogeneous corrosion due to the micro-galvanic coupling with the second phase particle
acting as an efficient cathode and accelerating the corrosion of the alpha-Mg matrix. Moreover,
filiform corrosion has been seen on (un-coated) Mg 53, Mg—Al 156, Mg-Li %7, Mg—6Zn—1Y—
0.6Zr 138 Mg—Zn-Y %%, and Mg—Y '® in salt solutions.

Figure 4

8. Multifunctional in vivo corrosion characterization system (CCS)

A CCS has been recently developed by Doepke et al '°!. CCS allows real-time monitoring of
corrosion products in the solution such as OH™, Mg?*, and H, during immersion tests (i.e.
commonly used corrosion products to study the corrosion of Mg alloys). This system also
records EIS simultaneously in the same solution. This kind of approaches give a better
understanding of the dynamics of the corrosion process in real-time during immersion tests,
rather than providing a corrosion rate at the end of the immersion tests (Figure Sa-d).

9. Transdermal sensing of H,

The remarkably rapid transport of H, through skin enables the measurement of H,
concentration transdermally at the surface of the skin above a biodegrading Mg sample
implanted subcutaneously in mice. Although the concentrations are very low (ca. 30—400 uM),
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the electrochemical H, biosensor has adequate limit of detection to easily measure fhese leVels,ooee .
Measurements are rapid, taking about 30s for the biosensor to reach a steady reading. Measured
H, levels correlate with the corrosion rates as determined by weight loss of explanted samples
after being implanted 62, Hence, H, sensing shows promise as an effective means for
monitoring the biodegradation of Mg alloys in vivo. H, sensing has advantages over traditional
techniques of monitoring biodegradation rate such as weight loss of explanted samples, X-ray
measurements, and p-CT. Compared to weight loss, it gives a measure of biodegradation rate
at the time of measurement rather than integrated over the entire time of implantation.
Compared to X-ray and p-CT, the instrumentation is much less expensive and involves no
exposure to radiation. Additionally, in vivo H, sensing has numerous benefits compared to
sensing the other corrosion products such as OH™ and Mg?*. First, only H, has the possibility
of being monitored non-invasively due to its high permeability through skin 3. This is a
significant advantage compared to the surgical insertion of a biosensor as would be the case
for pH or Mg?". Second, no significant background level of H, exists in mammals that needs
to be corrected for. For example, the concentration of H, in mouse blood is only ca. 1 Mm 163,
Background level is an issue with Mg?" where a relatively high concentration exists in vivo
(Mg?" concentration in adult serum is 0.75-0.95 mM). A biosensor for Mg>* would need to
have sufficient precision to detect small increases due to biodegradation above this substantial
background. Also, the commonly used electrochemical sensor for Mg?*, an ion-selective
electrode, suffers serious interference from Ca?*, which exits in vivo at a higher concentration
(ca. 2.0-2.6 mM in adult serum). Third, H, is relatively nonreactive in biological media,
making it a robust biodegradation marker 4. By comparison, released OH™ will be consumed
by buffer, which severely compromises the measurement of pH for monitoring biodegradation.
Furthermore, Mg?" reacts with various anions such as OH™ and carbonate to form precipitates
and with naturally occurring organic ligands (such as lactate and citrate) and proteins to form
complexes that might obscure it from a sensor such as an ion-selective electrode 9. Fourth, a
commercially available electrochemical H, sensor with excellent limit of detection and
selectivity already exists .

However, the main fundamental limitation of sensing H, transdermally is the maximum tissue
depth from implant to skin surface that the H, can permeate through to produce a sufficiently
high concentration for detection by pressing the sensor tip to the skin. Thus, this technique
might not be applicable to deep implants such as on the thigh bone where permeation through
a thick muscle layer would be necessary. The applicability would also be expected to vary
among animals because of physical differences. Practical considerations include the need for
periodic calibration of the sensor with H, standards at appropriate intervals to ensure that
measurements are accurate. In addition, the membrane permeability of the H, microsensor
changes with time, causing loss in sensitivity of as much as 50% over several months 2, This
new technique is noninvasive, fast and requires no major equipment (Figure Se-h).

Figure 5

10. Computed Tomography (CT)

CT is an imaging modality for bone which is based on the attenuation of x-rays by the object’s
features, measured in Hounsfield Units (HU). Air has a HU value of -1000 and water has a
value of 0. The range HU of human bone is in the range of 250 to 3000 %, uCT is used for
small biological and non-biological samples for which a very high resolution is needed.
Metallic orthopaedic implants such as screws, can distort the CT images due to their
ferromagnetic properties. Both titanium alloy and stainless steel implants can be imaged with
CT, however the resolution of titanium is better and there is less signal interference !'67-168,
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Unlike traditional metallic biomaterials such as stainless steel and titanium, Mg creates, om
minimal interference and is visible by CT without any artifacts %, uCT is performed at
different time points, for example 1 week, 4 weeks and 12 weeks after the implantation using
following parameters at 70 KV voltage, 500 uA current, and 1000 ms exposure time '®. For
example, Myrissa et al 1% have used cylindrical pins with 1.6 mm diameter and 8 mm length
made of pure Mg, Mg2Ag and Mgl10Gd for implantation into the bone. The uCT images of
pure Mg shows gas bubbles formation in the intramedullary cavity at week 1 post-implantation.
New bone formation around the pin can also be seen with uCT. In the uCT images of the
Mgl10Gd implants, at 12 weeks post-implantation, pins have been broken and completely
reduced to small pieces surrounded by newly formed bone (Figure 6). Hence, gas formation
due to the release of H, bubbles, new bone formation and degradation or fracture of Mg
implants can be imaged using uCT.

Figure 6

11. Angiography and Intravascular ultrasound (IVUS)

In vivo angiography is used to investigate the safety and efficacy of the biodegradable stents.
The angiography images can show the existence of thrombogenesis, as well as in-stent
restenosis in the Mg-based stents. However, the results are needed to be compared with a
control group such 316L stainless steel stents, to demonstrate that whether the biodegradable
Mg-based stents are safe and efficient in vivo or not. The follow-up IVUS is used to evaluate
the expansion level, initial hyperplasia degree and the occurrences of thrombosis of stents in
different implantation periods. The stents need to be completely expanded and well apposed to
the vessel wall with no sign of elastic recoil and fracture, reflecting excellent radial strength
and compliance of the stent. Furthermore, a thin layer of endothelium if appeared on the surface
of the stent struts, can be imaged using IVUS. For example, Mao et al 17 used a Mg alloy Mg-
2.2Nd-0.1Zn-0.4Zr (denoted as JDBM-2) stent. They implanted JDBM-2 into rabbits for long-
term evaluation. They have assessed biodegradability, biocompatibility, structural and
mechanical integrity of the stent in vivo using angiography and IVUS for 6 months (Figure 7).

Figure 7

12. Histology

When animals are sacrificed at the end of study, Mg implants surrounded by their tissues are
harvested for histological studies. The aim of doing histology is to see the interaction of implant
with the surrounded tissue. Using histological images, the bone density and bone implant
contact area can be calculated. For this purposes, usually Haemotoxylin and Eosin staining is
enough, however, inflammation around the implant can be further stained and analysed using
inflammatory markers such as tumor necrosis factor alpha (TNF-a). In addition, for detection
of signs of inflammatory response around the implants, the presence of inflammatory cells such
as neutrophils, monocytes, macrophages, or multinucleated giant cells and also increase in the
number of osteoclasts are tested. For example Schaller et al 7! implanted a biodegradable Mg
plate/screw osteosynthesis systems on the frontal bone of adult miniature pigs to evaluate the
tissue response of the WE43 Mg alloy with and without a plasma electrolytic surface coating.
Using histological analyses, they showed significantly lower corrosion rates and increased
bone density and bone implant contact area around the coated screws compared to the uncoated
screws (Figure 8).

Figure 8
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13. Clinical follow-up DOI: 10.1039/C9BM00289H

In recent years, the rapid advancement in metallurgy field has enabled scientists and engineers
to fabricate Mg-based biomaterials with much higher corrosion resistance and improved
mechanical properties, which inspired more surgeons to reconsider the potential of
biodegradable Mg alloys for clinical applications '72. Mg or its alloys based orthopaedic
devices or implants have been tested to fix fractures or bone flaps !73-175. For example Zhao et
al 173 conducted surgeries in patients suffering from association of research circulation osseous
stage II/III osteonecrosis in the femoral head (ONFH) using specifically designed high purity
Mg screws to fix vascularized bone flaps. Within the 12-month follow up-period using
radiographic imaging, patients treated with Mg screws fixation showed significantly higher
satisfactory therapeutic results in the Harris hip score and bone flap displacement. This was the
very first clinical trial and greatly contributed to the acceleration of product registration process
of pure Mg-based screws for its application in ONFH reconstruction surgery. These promising
treatment outcomes encouraged Dr. Zhao's team to develop innovative surgical protocols for
patients with different bone fracture indications, including fixation with Mg screws for femoral
neck fracture, metatarsal fracture, diaphyseal defect, acetabular defect, and femoral head
fracture (Figure 9) 72,

Figure 9

Clinical follow-up is usually performed at 1, 4, 8, 12, 24 weeks and 1 year following
implantation of Mg. X-ray and low-dose radiation CT are performed to evaluate the bone
healing process and determine the volume of formed H, bubbles. In a clinical study, Kim et al
176 assessed gas formation and other biological effects of a biodegradable Mg alloy. They
worked on the Mg-5Ca screws with an outer diameter of 2.0 mm, inner diameter of 1.6 mm,
and length of 10.0 mm. Their study was performed on patients 20 years or older having
metatarsal or midfoot fractures requiring internal fixation. All patients had bony union at 3
months and after 6 months, the metatarsal fracture was completely healed with a small
radiolucent area in the screw insertion site. In fact, foot anteroposterior and oblique X-ray
images showed a radiolucent lesion on metatarsal neck fractures meaning gas formation by Mg
screw (red arrows), which has decreased over time. The diameter of the inserted Mg screw also
significantly reduced overtime meaning biodegradation of Mg implants. Axial, coronal, and
sagittal CT scans also show multiple air bubbles surrounding Mg screws inserted into
metatarsal fracture, which has decreased over time. Especially, postoperative 12 weeks and 6
months CT scans show small amounts of gas in soft tissue as compared to postoperative 1, 4,
and 8 weeks (Figure 10).

Figure 10

14. Summary

Development of magnesium-based biomaterials will continue to rely on tests to collect initial
data. In this review we presented a detailed description of various test methods from in vitro to
animal studies and clinical trials and outlined advantages and disadvantages of each method.
Where necessary, critical technical points for experimental design have also been given.
Examples of possible sources of errors have also been discussed in the text. As shown here,
various in vitro and in vivo test methods have been designed to evaluate the corrosion behaviour
of Mg alloys as biodegradable implants. All of the experimental techniques discussed in this
review are complementary to each other. No single test provides all of the data needed to fully
analyse the corrosion performance of Mg alloys. Although these experimental methods provide
an in-depth understanding of Mg corrosion behaviour, comparisons between different studies
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are difficult because different parameters are often involved in measurement,, in¢l 0028911

solution type, the ratio of exposing surface area to solution volume, temperature of solution
and selection of buffers, etc. Besides, current research performs on a large variety of Mg alloys
in different simulated physiological environments and using different experimental
approaches. It is therefore difficult to have a clear overall picture of Mg alloy corrosion rates
as their biomedical application is concerned. Hence, a standard test method needs to be
stablished to describe a unique in vitro, in vivo, and clinical testing and assessment method of
Mg-based biomaterials. Since corrosion rate and hydrogen evolution of Mg is so important,
having a standard method would be helpful to compare the results of different studies which
will facilitate their clinical translation.
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Figure captions ' . . . ' _ DO 10.1039/C9BMO0289H
Figure 1. A tertiary diagram showing requirement of Mg-based biomaterials in terms of

mechanical properties (Ductility>20%,Strength>200MPa), biodegradability (Corrosion rate:
0.1-7 mm/year), and biocompatibility (Inflammation score: 1-2 %); Modification of Mg-based
biomaterials to meet these requirement include designing the Mg alloys, reinforcing the Mg
alloys with bioceramic particles, thermomechanical processing, and coating them with
biopolymers and/or bioceramics using different coating techniques such as electrodeposition,
electrophoretic deposition and dip-coating.

Figure 2. A schematic diagram of the dynamic immersion test bench. Hank’s solution is
circulated in the bench; The wall shear stress is controlled by adjusting the velocity of flow;
The temperature is monitored by a detector integrated into the oxygen detector and controlled
with a thermostatic waterbath; The pH value is monitored and regulated by adding diluted HCI
or NaOH solution; And the dissolved oxygen concentration is monitored by an oxygen detector
and controlled by supplying oxygen and nitrogen. Reproduced with permission from 8!,
copyright 2011, Elsevier.

Figure 3. Changes in surface morphology of Mg and Mg alloys during corrosion at day 1, 2,
3 and 8 compared to their morphology before corrosion (i.e. day 0). Changes in Mg and Mg
alloys surface morphology have been determined by SEM at day 1, 2, 3 and 8 following
immersion in DMEM supplemented with 10% FBS. Two regions have been detected during
corrosion include brighter grains (arrows A: corrosion products) and darker areas (arrows B:
Mg matrix). The formation of corrosion products in the form of crystals (arrows C) have been
detected after 3 and 8 days following immersion on the surface of Mg2Ag and Pure Mg.
Scale bars: 100 um. Reproduced with permission from '3, copyright 2016, PLOS.

Figure 4. Schematic model for corrosion process of a biodegradable Mg alloy (Mg-Zr-Sr-Ho):
Stage I: Hydrogen evolution: Hydrogen evolution initiates at the interface between the Mg
alloy and SBF solution due to the attack of components such as cations, organic substances and
anions of the SBF solution, and Mg ions are released into the SBF solution so that an
MgO/Mg(OH), layer is formed on the Mg surface; Stage II: Mg degradation: As prolonged
immersion time in SBF solution, some regions of the MgO/Mg(OH), layer convert to Mg>*
because of further attack from SBF solution. Consequently, the Mg substrate in these regions
is exposed to the medium directly, leading to further degradation. Stage III: Interface
degradation: As the degradation proceeds, more regions of the MgO/Mg(OH), layer are
corroded constantly and more Mg substrates are exposed. Mg?" may pass through the loosened
MgO/Mg(OH), layer and form a new MgO/Mg(OH), layer on the exterior surface. Various
components can also penetrate the loosened surface and attack the interior Mg substrate,
leading to interface degradation between the Mg matrix and the components of the SBF
solution beneath the surface layer. Stage IV: Degradation shift: The newly formed
MgO/Mg(OH), layer cannot resist dissolution. Hence, uniform dissolution occurs, and some
regions are inevitably exposed to the SBF solution. The outer MgO/Mg(OH), layer is dissolved
continuously and the corrosion extends to the interior Mg substrate and more regions would be
exposed to the SBF solution. Stage V: Massive degradation: Some corroded residues may fall
off the surface of Mg alloys, causing local pits in the Mg substrate and deeper cavities.
Accordingly, the Mg matrix will be further attacked due to the galvanic effects and finally the
Mg alloys will degrade completely in the SBF, resulting in the massive degradation.
Reproduced with permission from 77, copyright 2016, Nature.
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Figure 5. (a) CCS instrumentation and circuit that allows real-time monitoring of, pH, Nig2 a0k

and dissolved H, with electrochemical sensors while recording EIS and temperature. Block
diagram of the corrosion characterization system instrumentation and cell configuration: (1)
temperature probe, (2) water hardness sensor, (3) Ag/AgCl reference electrode, (4) Pt solution
ground, (5) pH sensor, (6) H, sensor, (7) Mg disk in epoxy resin as a working electrode for
EIS, (8) Pt auxiliary electrode for EIS, (9) Ag/AgCl reference electrode for EIS, (A, B)
preamplifiers. (M1, M2) MeasureNet workstations; Responses of the potentiometric sensors
include results of potentiometric sensor monitoring of (b) the pH, (¢) the Mg?* concentration
and (d) the concentration of dissolved H, during corrosion of Mg samples in NaCl, HEPES
and HEPES in NaCl; H, measurements on an anaesthetized nude mouse with AZ31 implanted
subcutaneously 1 week after implantation. (e¢) Photograph of mouse with measurement points
marked and numbered; (f) Instant currents responses corresponding to numbered points in (e);
(g) H, concentrations measured at each point as determined from a calibration curve. BL is the
measurement in air; (h) H, concentration monitored weekly during the 8-week study for AZ31.
Reproduced with permission from !, copyright 2013, Elsevier, and 92, copyright 2016,
Elsevier.

Figure 6. uCT reconstructions (two-dimensional slices) showing the degradation process at 1,
4 and 12 weeks after the implantation of pure Mg, Mg2Ag and Mg10Gd in the femur bone of
Sprague—Dawley® rats. Reproduced with permission from %%, copyright 2016, Elsevier.

Figure 7. The in vivo aortic angiography showing no acute and late thrombogenesis as well as
in-stent restenosis in the JDBM-2 Mg alloy and 316L stainless steel stent after stenting for 1
month, 2 months, 4 months and 6 months. The corresponding follow-up IVUS images showing
the longitudinal reconstruction of the abdominal aorta after the JDBM-2 Mg alloy and 316L
stainless steel stent implantation. Increased lumen patency and vessel size at different
implantation period with nearly complete absence of neointimal hyperplasia are seen.
Reproduced with permission from !7°, copyright 2017, Nature.

Figure 8. (a) Surgical access of the frontal bone with plate/screw system and (b) evaluation
area. The orientation of the plates has been tracked by placing three screws cranially and two
screws caudally; (c-d) After sacrifice, histological analysis has been performed on the proximal
and distal parts (al, a8, b1, and b6), as indicated by the dotted lines in the figure, representative
histological preparations of a coated (c) and uncoated screw (d) 12 weeks after surgery (scale
bar: 1.0 mm); Mean bone implant contact area of titanium, uncoated and coated screws at 12
weeks and 24 weeks post-implantation (*significant difference in titanium compared to both
magnesium implants; **significant difference in magnesium-uncoated compared to coated
implants). Reproduced with permission from !7!, copyright 2016, Elsevier.

Figure 9. The treatment process of femoral head fracture using two Mg screws. (a) The
femoral head has been crushed into two parts as shown in the red circle; (b) the broken
femoral head has been connected by two Mg screws (red circle); (¢) the femoral head has
been repaired as shown in the X-ray imaging on the day of surgery, and (d) the femoral head
has been well restored at 3 months post-surgery. Reproduced with permission from 172,
copyright 2017, Elsevier.

Figure 10. Gas formation and biological effects of a biodegradable Mg alloy: Foot
anteroposterior and oblique X-ray images of gas formation by Mg-5Ca screws with an outer
diameter of 2.0 mm, inner diameter of 1.6 mm, and length of 10.0 mm (red arrows), and axial,
coronal, and sagittal CT scan images of air bubbles surrounding Mg screw inserted into
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metatarsal fracture for 12 months. Foot anteroposterior and oblique X-ray images showingthe, o5

radiolucent lesion on 3 and 4™ metatarsal neck fractures meaning gas formation by Mg screw
(red arrows), which has decreased over time. The diameter of the inserted Mg screw has
reduced showing its biodegradability. Axial, coronal, and sagittal CT scans show multiple air
bubbles surrounding Mg screws inserted into metatarsal fracture, which has decreased over
time. Especially, postoperative 12 weeks and 6 months CT scans show small amounts of gas
in soft tissue as compared to postoperative 1, 4, and 8 weeks. Reproduced with permission
from 176, copyright 2018, National Institute for Materials Science in partnership with Taylor &
Francis.
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Table 1: An outline of the various in vitro corrosion tests and recommended technica] pOtitsoaor;
for experimental designs.

Scanning Rate (SR): 0.5 or I mV/s

OCP times: 15 or 20 min S0
Scanning range:-150 to + 500 mV vs. OCP

Frequency range: 100 kHz—10 mHz A3
Solution volume to surface area (V/S): 20 mL/cm? &

H, evolution < 0.01 ml/cm?/day 17

To use a buffer such as HEPES, Tris—HCI and HCO5 T2
Removal of corrosion products: Using a mixture of CrO; and -
AgNO3
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Table 2. The effect of inorganic and organic contents on the corrosion ratg (CRYOf om0k
biodegradable Mg alloys (Increase? or decrease| in CR has been shown by black rows).

HPO, 2 HCO;~ HSO,~ OH  Proteins Glucose

78 106

44,107,108 44 45,112 113 44

~ References
CR1 if Mg is in a solution containing HCO3™> 40 mg/L
CR| if Mg is in a solution containing HCO5~ <40 mg/L

CR1 if Mg is in glucose containing saline solution
CR| if Mg is in glucose containing Hank’s solution
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Table 3. Corrosion rate equations and relevant parameters. DOI: 10.1039/COBMO00289

CR: corrosion rate

t: exposure time

M: Molar mass

icorr: corrosion current density, 130
n: number of electrons involved in the corrosion reaction
F: Faraday’s constant (96 485 As/mol)

p: standard density of Mg alloy

Pi (mm/year): corrosion rate

icorr (mA/cm?): corrosion current density

CR: corrosion rate

W: weight loss i

A: exposure area

t: exposure time

PW (mm/year): corrosion rate 148,149
CR (mg/cm?/day): corrosion rate

AW (mg/cm?/day): weight loss s
VH (ml/cm?/day): H, release rate

PH (mm/year): corrosion rate 137

VH (ml/cm?/day): H, release rate

CR: corrosion rate

AV: volume change B

A: exposure area

t: exposure time

137,147
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