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Abstract With the rapid advancement of medical technology, it is crucial that a considerable body of biomaterials 

are taken into consideration and tested for the purpose of bone implant fabrication. Over the last decades degradable 
metallic materials have attracted increasing interest in the field of hard tissue engineering due to their ability to 

degrade once they have fulfilled their function, without causing side effects that could potentially be harmful for the 

human body. In this context, Mg-based biomaterials gained special attention due to their bone-like mechanical 
properties, good biocompatibility and osteoconductive properties. However, their use in biomedical applications is 

limited due to their rapid corrosion in physiological environments. Therefore, it is important to reduce the degradation 

process of these biomaterials for safe biomedical applications. Two main strategies that could potentially lead to a 
lower corrosion rate are represented by alloying and surface treatment. This review provides a summary of the recent 

specialized literature concerning Mg-based biomaterials with a special focus on the recent in vitro and in vivo studies 

regarding Mg-based bone implants. 
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Introduction 

 
For a very long-time, alloys based on metals such as 

cobalt-chrome (Co-Cr), titanium (Ti) and stainless-steel, 

have been commonly used as essential biomaterials in the 
field of regenerative medicine (Antoniac, 2010) for 

repairing, improving and replacing injured or damaged 

bone tissue due to traumas or various pathological 

conditions such as osteoporosis and tumours (Antoniac et 
al., 2010). Their use in biomedical applications is 

justified by their excellent properties such as enhanced 

mechanical strength, good biocompatibility and 
satisfying life span. Additionally, these metals exhibit a 

low elastic modulus and negligible cytotoxicity 

(Dorozhkin et al., 2014). However, these classical metals 
have their limitations. Two major factors that contribute 

to the success of an implant are their biocompatibility and 

their matching mechanical properties (Wu et al., 2013; 

Sezer et al, 2018). When left in the human body for a 
long period of time they can become harmful to the 

surrounding tissue (Yang, 2011) due to the toxic particles 

and metallic ions released during the corrosion and wear 
processes (Puelo et al., 1995; Jacobs et al., 2003; Lhotka 

et al., 2003; Antoniac et al., 2010; Razavi et al., 2012).  

Thus, the released elements may lead to a local chronic 
inflammatory process that can lower the biocompatibility  

 

 

 

 
 

and cause damage to the implantation sites (Poinern et 

al., 2012; Tian et al., 2015; Agarwal et al., 2016). More 
than that, the mismatch between the elastic modulus and 

tensile strength of the material and bone tissue leads to a 

phenomenon known as stress shielding which translates 

to a non-homogenous applied load transfer between the 
implant and the bone. Therefore, a reduction in the bone 

density can occur due to the fact that the bone tissue 

carries a lower load (Besiekierski et al., 2012; Li, 2015; 
Sezer et al., 2018). This may result in a decreased bone 

turnover (Kamrani et al., 2019) and a weak surrounding 

bone tissue. In addition, inert metallic implants require an 

invasive secondary procedure in order to remove the 
medical device after the remodelling and healing 

processes are complete (Razavi et al., 2012; Liu et al., 

2018; Kamrani et al., 2019). This second procedure 
prolongs and increases the level of discomfort and pain, 

expanding the medical costs along with the risks the 

patient is submitted to (Liu et al., 2018; Kamrani et al., 
2019). Bearing this in mind, the need of designing new 

biodegradable materials capable of overcoming the 

limitations displayed by the traditional metallic implants 

has become a necessity. 
The concept of biodegradable materials has been 

introduced for the first time around 1960 by Kulkarni et 

al. (1966) and ever since a great interest in this direction  
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has been observed, leading to the development of new 
biodegradable medical devices with clinical applications 

(Amini et al., 2011). Currently, the main materials 

approved and used as biodegradable materials are 

represented by resorbable polymers, metals and 
bioceramics (Tan et al., 2013; Neacsu et al., 2015; Li et 

al., 2017; Sezer et al., 2018; Liu et al., 2018; Kamrani et 

al., 2019) and even though, the medical market is 
primarily dominated, at the moment, by degradable 

polymers (Brar et al., 2009; Amini et al., 2011; Chen et 

al., 2014; Vojtech et al., 2014; Neacsu et al., 2015), 

certain biodegradable metals (Chen et al., 2014) have 
been taken into consideration due to their superiority in 

terms of strength, ductility and higher efficiency in 

comparison to resorbable polymers (Neacsu et al., 2015; 
Li et al., 2008; Zheng et al., 2014). A number of in vitro  

(Li et al., 2008; Pietak et al., 2008; Yun et al., 2009; 

Zhang et al., 2009; Gu et al., 2009; Gu et al., 2012; Li et 
al., 2012, Willbold et al., 2013; Chou et al., 2013; 

Homayun et al., 2014; Wua et al., 2014; Liu et al. 2014; 

Cipriano et al., 2015; Willbold et al., 2015) and 

preclinical studies (Gu et al., 2012; Willbold et al., 2013; 
Chou et al., 2013; Zheng et al., 2014), proved the 

efficiency of the magnesium-based materials in 

comparison to other biodegradable materials. 
Magnesium (Mg) is a light metal, with a density ranging 

from 1.74 g.cm
-2

 to 2 g.cm
-2

 (Kamrani et al., 2018) and 

an elastic modulus similar to that of natural bone (41-45 
GPa) (Seal et al., 2009; Chen et al., 2014), therefore, 

minimizing the risk of a potential stress shielding 

phenomenon (Staiger et al., 2006; Xin et al., 2011). Also, 

Mg presents a highly reactive character (Mueller et al., 
2010), property that allows Mg to naturally biodegrade in 

vivo in the presence of an aqueous media (Mueller et al., 

2010; Dorozhkin et al., 2014). More than this, Mg-based 
materials showcase a good biocompatibility (Staiger et 

al., 2006; Peuster et al., 2006; Chen et al., 2014) and in 

vivo safety (Tian et al., 2015), being tolerated by the 

human body without causing any side effects whatsoever 
(Chen et al., 2014).   

Even though in the last 15 years important achievements 

have been made in the field of degradable biomaterials, 
there are still some limitations that have not been 

overcome, hence the low use of pure Mg-based 

biomaterials in biomedical applications. One of these 
limitations is represented by the rapid corrosion in a 

physiological pH (7.4-7.6) and in a rich-chloride 

environment. The high corrosion rate of the material 

results in the production of hydrogen gas, a corrosion 
product that affects the mechanical integrity of the 

implant (Kannan et al., 2008; Chen et al., 2014). The 

released hydrogen gas forms “gas pockets” in the areas 
surrounding the implant, delaying the healing process and 

increasing the local pH (Poinern et al., 2012), likely 

causing cell apoptosis or necrosis (Sedelnikova et al., 
2018). This can cause a local alkalinisation which affects 

the pH-dependent physiological processes in the areas 

surrounding the implant (Antoniac et al., 2010). In order 
to slow down the rapid corrosion rate and improve their 

biocompatibility, researchers focused on developing 

feasible optimization procedures such as alloying and 

surface treatment (mainly coating techniques), in order to 
ease their transfer in clinical applications as 

biodegradable implants. 

In this paper we review the recent progress in the field of 
degradable Mg-based biomaterials, focusing on the recent 

in vitro and in vivo studies concerning Mg-based bone 

implants.  

 

Short history of Mg-based biomaterials 

 

In 1808, Sir Humphrey Davy, discovers a new element 

that he names magnesium (Mg), and shortly after its 
discovery, Mg is used in a variety of applications, starting 

from pyrotechnical and photographical applications to the 

field of medicine (Witte et al., 2010). Having as starting 
point the work of Michael Faraday, Robert Busen (1852) 

starts the commercial production of Mg (Witte et al., 

2010) and shortly after that, Edward C. Huse (1878) uses 
Mg-based wires as blood vessels ligatures during 3 major 

surgical procedures (Walker et al., 2014). Huse is the first 

one to notice and mention the corrosive behaviour of the 

material, making the observation that its corrosion rate is 
lower in vivo and depends largely on the length of the 

wire that is used during the procedure (Witte et al., 2010). 

Following the success of Huse, a vast number of 
physicians started to use Mg and its alloys in various 

medical applications, but it is not until Payr, that Mg 

starts to be seen as a biodegradable material with other 

possible clinical applications (Witte et al., 2010). Payr 
starts his research in 1892, having as primarily focus the 

resorption of Mg (Witte et al., 2010) and by the year 

1900 he comes with the hypothesis that Mg degrades due 
to the oxygen and water found in the tissues and minerals 

and carbon dioxide found in the blood (Witte et al., 

2010). Also, he uses, with success, Mg-based medical 
devices in a series of procedures that involve suturing 

blood vessels and organs (Witte et al., 2010). In terms of 

orthopaedic applications, Albin Lambotte can be 

considered the pioneer even if his first attempts started 
off as a failure. In 1907 during a tibia fracture repair 

procedure, he used two different types of metals, pure Mg 

and steel, that led to a strong galvanic corrosion process 
and ultimately implant failure (Walker et al., 2014). 

Taking note of this observation he starts a series of 

animal experiments (Witte et al., 2010) that helped him 
reach the conclusion that Mg-based materials start to 

corrode partially after 3 months and totally after 7 to 10 

months (Witte et al., 2010; Walker et al., 2014). For a 

couple of years, Mg-based biomaterials have been the 
centre of attention and a large number of studies have 

been conducted with Mg as the primarily subject. 

Another Mg-based study took place in 1913. Ernest Hey 
Groves used for his experiment, Mg-based screws that he 
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inserted in a rabbit, and the results obtained were not the 
ones he expected. He reported the formation of callus in 

the surrounding area of the implant coupled with the 

rapid corrosion of the implant before the tissues could 

regenerate properly (Walker et al., 2014). In 1917, 
Andrews used Mg clips and staples in a series of surgical 

procedures, but unlike the previous physicians he used 

Mg alloys alongside pure Mg. His alloys contained 
elements like aluminium (Al), zinc (Zn) and cadmium 

(Cd), but they were somewhat brittle and hard in 

comparison to pure Mg (Pogorielov et al., 2018). Another 
physician who tried to alloy pure Mg was Seeling, by 

using elements like gold (Au) and silver (Ag) in order to 

increase the ductility of the material, but the results 

showed that the wires obtained from the newly developed 
Mg alloys had a low tensile strength (Pogorielov et al., 

2018). Another study, but with positive results, was the 

one conducted by McBride in 1930, where he used a 
newly developed Mg-Al-Mn (manganese) alloy. He 

suggested that pure Mg is not as efficient as its alloys, 

due to its lower strength. In addition, in his paper he 

encourages the use of Mg-based biomaterials even if they 
can cause minor side effects. In 1944, Tsitrin and 

Troitskii used a Mg-Cd alloy for the treatment of 

different bone fractures. The study involved 34 patients 
and the results showed that only 9 procedures were 

considered to not be a success due to the infection 

(Pogorielov et al., 2018). Later on, in 1951, Stone and 
Lord used two types of Mg wires (pure Mg and Mg-Al 

alloy) in a vascular procedure. They observed that the 

wire made of pure Mg was brittle but once Al was added 

(2 %) it became more pliable and therefore more suited 
for medical applications (Pogorielov et al., 2018). 

However, even if a series of experiments showed positive 

results when it comes to the field of Mg-based 
biomaterials, Mg as a potential alternative for clinical 

applications has been considered too fragile to withstand 

the implantation process, so the research concerning Mg-
based implants has been dropped and overlooked until 

the end of the 90’s when it started to gain popularity and 

ever since it holds the interest of researchers all over the 

world. 
 

Magnesium as a degradable biomaterial  

 

By definition, a biodegradable material is a material that 
once implanted in the human body it degrades gradually, 

without causing any harm due to its corrosion products, 

and disappears completely once the new tissue is formed. 
This is why, the composition of medical degradable 

devices should contain only essential metals found in the 

human body so that the products released during the 

corrosion process could be easily absorbed and 
metabolized or eliminated (Zheng et al., 2014). Recently, 

a particular interest for potentially use in clinic has been 

given to Mg-based biomaterials as a novel class of 
biodegradable bone implants due to their remarkable 

properties that puts them ahead of any other available 

biomaterial on the market. Mg is a light metal with a 
density of 1.74-2 g·cm

-2
, similar to natural bone tissue 

(1.8-2.1 g·cm
-2
 ), making it much lighter than any other 

type of material used currently in the field of regenerative 

medicine (Ti - 4.42 g·cm
-2

, stainless steel - 7.8 g·cm
-2

 , 
PLLA-1 g·cm

-2
, hydroxyapatite (HA) - 3.156 g.cm

-2
) 

(Tan et al., 2013). Also, Mg exhibits higher compression 

and traction forces compared to degradable polymers 
such as HA (Xin et al., 2011; Tan et al., 2013). An 

interesting feature of Mg-based biomaterials is their 

Young modulus (Seal et al., 2009). Compared to Ti (110 
GPa) and steel (200 GPa), Mg has a Young modulus (41-

45 GPa) similar to that of natural bone (Staiger et al., 

2006; Seal et al., 2009; Xin et al., 2011; Tan et al., 2013); 

therefore, the risk of stress shielding is mitigated (Staiger 
et al., 2006; Tan et al., 2013; Liu et al., 2018). If not 

address properly, this biomedical phenomenon can result 

in serious clinical problems such as implant loosening, 
skeleton thickening and chronic inflammation 

(Salahshoor and Guo, 2012).  Furthermore, Mg shows in 

vivo safety, being the fourth most abundant cation in the 

human body, with almost half of the amount found in 
bone (Okuma et al., 2001). Being brought into the body, 

in substantial amounts through diet (Liu et al., 2018) it 

showcases a variety of biological functions (Li et al., 
2017) such as key component for the ribosomal 

machinery that translates the genetic information encoded 

by mRNA into polypeptide and essential cofactor in 
almost all enzymatic systems involved in DNA 

processing (Hartwig et al., 2001; Li et al., 2017). 

Likewise, it is involved in processes such as 

biomineralization and bone tissue growth (Staiger et al., 
2006; Gu et al., 2010; Fischer et al., 2013; Liu et al., 

2018; Sedelnikova et al., 2018). Therefore, an increase in 

the concentration due to implant degradation will not 
pose as a threat to the living system (Tian et al., 2015). 

Zartner et al. (2007) and Heublein et al. (2003) reported 

positive results regarding the degradation process of Mg-
based medical devices and the minimal effects of the 

corrosion products released from them. Their results were 

supported by various in vivo studies on animals and post-

mortem studies on human subjects (Witte et al., 2005; 
Zartner et al., 2005; Witte et al., 2006; Witte et al., 2007). 

This characteristic could reduce some of the pathological 

problems associated with the implantation of traditionally 
metallic implants such as the release of inflammatory 

wear particles that could led to osteopaenia (Witte et al., 

2005; Zheng et al., 2014; Zhao et al., 2016; Shuai et al., 

2019).  Furthermore, the development of newly 
degradable devices with favourable mechanical 

properties can significantly improve the life quality of 

patients from many points of view such as the elimination 
of the secondary removal surgery which will lead to 

lower costs, time needed and patient discomfort. It will 

also lower the risks caused by secondary effects 
associated with the medical procedure and the formation 

of scar tissue. In addition, it has been shown that Mg 

exhibits an antibacterial activity against bacteria such as 
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Staphylococcus aureus, Escherichia coli and 
Pseudomonas aeruginosa (Robinson et al., 2010; Hsu et 

al., 2019).  

From a chemical point of view, Mg exhibits a standard 

electrode potential of –1.7 V, making it very reactive 
(Haynes et al., 2013) and highly soluble in aqueous 

media (Mueller et al., 2010). The native Mg(OH)2 

protective layer found on the surface of the implant is not 
strong enough to offer a prolonged protection against the 

corrosion process, especially in a chloride-rich 

environment (Song et al., 2003), due to the fact that the 

Mg(OH)2 layer is not compact, thus allowing the solution 
to infiltrate the film and trigger the corrosion process (Li 

et al., 2017). The chloride ions transform the native 

Mg(OH)2 layer in magnesium chloride (MgCl), leaving 
the surface even more vulnerable to degradation due to 

the high solubility of MgCl (Staiger et al., 2006). The 

corrosion process is summarized in the following 
reactions: 
 

Mg+2Cl
- 
→ MgCl2                                    (1) 

Mg(OH)2 + 2Cl
- 
→ MgCl2                  (2) 

 

In the presence of an aqueous media, Mg goes through 

the following process: 
 

Mg+ 2H2O→ Mg
2+ 

+ 2OH
- 
+ H2   (3) 

 
This results in hydroxide (OH) and hydrogen gas (H2), a 

product that affects the implantation site in a negative 

way, by forming the so called “gas pockets”, responsible 
for increasing the local pH of the environment, leading to 

the alkalization of the site surrounding the implant. The 

local alkalization affects most pH-dependent 

physiological processes in the vicinity of the implantation 
site (Antoniac et al., 2010). More than that, this will lead 

to the loss of the mechanical integrity of the implant 

before the bone tissue has enough time to heal 
completely. Trying to predict the degradation behaviour 

of a Mg based biomaterial is a difficult task due to a 

number of factors such as environmental variation based 

on the region of implantion and time (Tang et al., 2006; 
Kamrani et al., 2019). Results have shown that time 

dependent corrosion is related to the nature of the 

corrosion layer found on the surface of the alloy (Witte et 
al., 2005; Wang et al., 2011). Also, the degradation rate 

of Mg is influenced by a series of factors (Fig. 1). When 

it comes to the corrosion process, there are two types of 
corrosion that could affect the Mg-based biomaterials, pit 

corrosion and galvanic corrosion. Pit corrosion is 

encountered in the case of single-phase materials (Walker 

et al., 2014) and consists in the rapid corrosion of small 
localized areas on the surface of the biomaterial that 

destroys the magnesium hydroxide protective layer 

(Poinern et al., 2012). The galvanic corrosion appears due 
to the presence of impurities in the Mg matrix or due to 

the presence of inter-metallic alloying elements (Poinern 

et al., 2012). Currently, the research is directed towards 

finding new strategies that could increase the corrosion 
resistance of the Mg-based biomaterials, primarily 

through techniques like alloying and surface 

modifications. The following section will provide a 

summary of the strategies used so far to improve the 
performance of Mg-based biomaterials, focusing on the 

alloying process and surface modification that include 

surface coatings with different chemical compounds.  
 

 
 

Fig.1. Factors that can influence the degradation rate of Mg 

based biomaterials 

 

Strategies to improve the biological 

performance of biodegradable Mg-based 

materials 

 

As mentioned before, Mg-based biomaterials have to 

meet a clear set of conditions before they could be 

considered potential candidates for bone implants such 

as: i) exhibit a density and rigidity similar to those of the 
natural bone tissue; ii) be able to fix itself around the 

bone; iii) show a low corrosion rate; iv) the corrosion 

products released during the degradation process should 
not be harmful for the human body (Neacsu et al., 2015).  

However, their rapid degradation rate and harmful 

corrosion products, restricts their use as main 
biodegradable materials with biomedical applications 

(Staiger et al., 2006; Xu et al., 2011). This is the main 

reason why it is very important that the corrosion rate be 

kept under control, especially in the early stages of 
implantation. By improving the corrosion resistance, 

enough time will be given to the affected bone tissue to 

regenerate appropriately before the implant degradation 
can occur (Xu et al., 2012). In an effort to overcome the 

limitations imposed by the Mg-based biomaterials, 

various techniques were developed with the purpose of 

improving their performance. These techniques, as 
mentioned before, include Mg alloying and surface 

modifications, mainly surface coating techniques (Liu et 

al., 2007; Alvarez-Lopez et al., 2010; Wong et al., 2010; 
Walker et al., 2014).  

 

 1. Alloying strategy 
 

One of the strategies used to improve the corrosion rate 

and mechanical properties of the Mg-based biomaterials 
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is alloying (Kaesel et al., 2004; Antoniac et al., 2010; 
Bita et al., 2016). In general, pure Mg in the as-cast 

condition, exhibits a very low yielding strength (under 30 

GPa) and a very rapid corrosion rate in physiological 

environments (Chen et al., 2014; Bita et al., 2016), thus 
explaining why Mg-based biomaterials are usually found 

in the form of alloys. By adding in their composition, a 

specific combination of elements, mechanical properties 
such as strength, ductility, elongation and the corrosion 

resistance of the biomaterial can be greatly improved 

(Hort et al., 2010; Walker et al., 2014; Bita et al., 2016). 
This improvement occurs mainly due to the alteration of 

their microstructural characteristics such as grain size, 

which in comparison to pure Mg suffers a reduction 

(Sezer et al., 2018). Therefore, the secondary phase of the 
alloying system plays an important role (Li et al., 2008; 

Zhou et al., 2012; Li et al., 2017). The main elements 

used for alloying are Al, Ca, copper (Cu), iron (Fe), Li, 
Mn, Sr, yttrium (Y), Zn and rare earth elements (REE) 

(Persaud-Sharma et al., 2012; Poinern et al., 2012; Chen 

et al., 2014; Farraro et al., 2014; Walker et al., 2014; 

Neacsu et al., 2015). 
When it comes to biomedical applications, the 

composition of the alloying system is a very important 

factor that needs to be taken into consideration. 
Therefore, for an element to be considered suitable for 

alloying it must meet a series of requirements (Fig. 2). 

 

 
 

Fig. 2. Consideration of element selections for developing Mg-

based materials for bone implants. 

 

First of all, the element should exhibit a reduced toxicity 

or be non-toxic, so that when the implant degradation 

occurs, the resulting products would not affect the human 
body. With this in mind, the alloying elements can be 

classified into four groups: i) nutrient elements found in 

the human body: Ca, Mn, Zn, stannum (Sn), silicon (Si); 
ii) nutrient elements found in animals and plants: Al, 

bismuth (Bi), Li, Ag, Sr, zirconium (Zr); iii) elements 

that can cause severe hepatotoxicity or other problems in 
the human body: Al, vanadium (V), chromium (Cr), 

cobalt (Co), nickel (Ni), Cu, lanthanum (La), cerium 

(Ce), praseodymium (Pr); iv) elements that are known to 

be toxic for the human body: beryllium (Be), barium 
(Ba), lead (Pb), Cd, thorium (Th) (Nakamura et al., 1997; 

Gu et al., 2009; Chen et al., 2010; Chen et al., 2014). 

Table 1 shows the toxicity limits for common elements 

used for alloying as synthesized from the paper by 
Kirkland et al. (2011). 

 

Table 1. Toxicity levels for the elements used in alloying 

 
 

 

 
 

 

 
 

 

 

At the moment, commercial Mg-based biomaterials 
contains in their composition elements such as Al, Zn and 

REE, and even though they offer excellent mechanical 

properties and a greater corrosion resistance they are not 
suited for clinical applications due to their toxicity (Chen 

et al., 2014). For example, Al is a neurotoxic agent (Wills 

et al., 1983; Flaten et al., 1990; Flaten et al., 2001; 

Walker et al., 2014), especially if it is found in high 
concentrations like in the AZ91 and AM60 commercial 

alloys (Zhang et al., 2010; Chen et al., 2014). Zn, in high 

concentrations could lead to lung and breast cancer, while 
REE such as Ce, lutetium (Lu) and Pr are consider, in 

general, to be toxic for the human body causing severe 

hepatotoxicity (Yumiko et al., 1997; Antoniac et al., 
2010; Poinern et al., 2012). Moreover, heavy metals 

exhibit a toxic potential for the body due to their ability 

to disrupt the normal molecular functions of the DNA, 

proteins and enzymes through the stable complexes that 
they form (Report of Environmental Health Impacts from 

Exposure to Metals, 2005; Poinern et al., 2012). Based on 

this, researchers have shifted their attentions towards the 
development of novel Mg-based alloys with low/no 

toxicity levels that contain in their composition only 

elements easily tolerated by the human body. Therefore, 
for biological applications binary alloys such as Mg-Ca 

(Li et al., 2008); Mg-Zn (Zhang et al., 2010; Zhang et al., 

2011); Mg-Si (Zhang et al., 2010); Mg-Gd (Yang et al., 

2012); Mg-Sr (Gu et al., 2012; Bornapour at el., 2013) 
and Mg-Y (Peng et al., 2010) have been designed.  

The second consideration is the ability of the element to 

improve the durability and strength of the Mg-based 
biomaterials. Considering this, the alloying elements can 

be classified in four groups: i) elements that can increase 

simultaneous the strength and ductility of the material: 

Al, Zn, Ag, Ce, Ni, Cu, thorium (Th); ii) elements that 
can only increase the strength: Sn, lead (Pb), Bi, 

antimony (Sb); iii) elements that can only increase the 

ductility: Cd, Th, Li; iv) impurities: Fe, Ni, Cu, Co 
(Polmear et al., 1999; Yang et al., 2008; Chen et al., 

2014;). Impurities have the ability to reduce the 

efficiency of other elements found in the Mg matrix; 
therefore, their use should be well controlled or avoided 

(Persaud-Sharma et al., 2012). Their presence in the Mg 

matrix lowers the mechanical integrity of the implant, 

ELEMENT DAILY ALLOWABLE DOSAGE (mg) 

Ca 1400 

Al 14 

Zn 15 

REE 4.2 

Fe 40 

Ni 0.6 

St 5 
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leading to its failure (Peng et al., 2010). Furthermore, 
these impurities can have a toxic effect on the human 

body (Chen et al., 2014), one of the examples being Ni. 

Studies have shown that Ni is harmful to cells, and only 

recently its toxicity on human lung epithelial A594 cells 
has been proved (Ahamed et al., 2011; Persaud-Sharma 

et al., 2014). An efficient method of controlling the level 

of impurities is the addition of certain elements that can 
reduce the negative effects caused by their presence 

(Chen et al., 2014). One example is Mn (Persaud-Sharma 

et al., 2012). Mn has the ability to reduce the negative 

effects caused by impurities such as Fe and lower the 
corrosive effects caused by Ni.  

Last but not least, the alloying elements must increase the 

corrosion resistance of the Mg-based biomaterials by 
reducing the internal galvanic corrosion. This can be 

achieved through the formation of an intermetallic phase 

with a similar potential to Mg (-2.37 V) (Chen et al., 
2014).  

In an attempt to improve the performance of Mg-based 

biodegradable implants, a series of elements such as Ca, 

Al, Cu, Mn, Zn, gadolinium (Gd), Zr, Sr, have been used 
so far in the alloying process (Yang et al., 2008; Persaud-

Sharma et al., 2012). Calcium is an essential element in 

the human body, involved in a large number of important 
cellular processes (Kim et al., 2008; Li et al., 2008; 

Walker et al., 2014). It is mainly used as an alloying 

element due to its ability to improve the mechanical 
properties of the alloy through the reduction of the grain 

size in comparison to pure Mg and a large number of 

studies (Drynda et al., 2010; Erdmann et al., 2010; Xin et 

al., 2010; Salahshoor et al., 2012) proved its ability to 
enhance the corrosion resistance of the alloy but only 

when it is added in small amounts (0.5 %).  

Aluminium is a passivation element with a low density 
and the ability to improve the corrosion resistance of Mg 

alloys. Alloying systems containing Al possess a good 

corrosion resistance combined with a series of excellent 

mechanical properties (Walker et al., 2014). However, 
regardless of the improvements that Al brings to the 

alloys, it is still considered a highly toxic element for the 

human body and a large number of studies proved its 
involvement in a couple of affections and pathological 

conditions that affects the nervous system. Of those 

pathological conditions the most commonly known are 
dementia and Alzheimer’s disease (Wills et al., 1983; 

Banks et al., 1989; Flaten et al., 1990; Flaten et al., 2001; 

Walker et al., 2014). In addition, in a laboratory setting, it 

was shown that Al can increase the expression of an 
estrogen-related gene in human breast cancer cells 

(Darbre et al., 2006). 

Another element used for alloying is Mn, an essential 
body nutrient that in large amounts can be toxic (Fell et 

al., 1996; Crossgrove et al., 2004; Walker et al., 2014) 

but when it is maintained in the acceptable limits it has 
the ability to improve the corrosion resistance of the 

material through the reduction of the negative effects 

caused by the presence of impurities found in the Mg 
matrix (Maker et al., 1993; Song et al., 1999; Persaud-

Sharma et al., 2012; Walker et al., 2014). Also, it has the 

ability to enhance the alloy ductility (Pogorielov et al., 

2017).  
Another alloying element is Zn. It is an essential trace 

mineral that can be found in the human body under 

normal conditions, playing an important role as a co-
factor for a series of enzymes (Cotton et al., 1999; Brandt 

et al., 2009; Persaud-Sharma et al., 2012). When released 

from the implant as a corrosion product it does not pose 

as a threat for the body (Bothwell et al., 2003); however, 
in excessive amounts it can become toxic (Borovansky et 

al., 1989; Koh et al., 1994) having the potential to be 

corrosive if ingested. As an alloying element it has the 
ability to increase the strength of the material, being only 

second to Al from this point of view (Xu et al., 2008; 

Zhang et al., 2009; Walker et al., 2014) and, similar to 
Mn, can reduce the effects caused by the presences of 

impurities in the Mg matrix (Song et al., 1999).  

The REE category includes 15 elements that can be 

added to the alloying composition in order to improve the 
strength, ductility and corrosion resistance of the material 

(Witte et al., 2008; Peng et al., 2010).  However, 

regardless of the fact that REE offers desired properties 
to Mg-based alloys, their in vivo safety is debatable. A 

series of studies have shown their potentially toxic effects 

on the human body. The vast majority of REE exhibit 
anticarcinogenic and anticoagulant effects (Drynda et al., 

2010), but certain elements such as Ce may cause severe 

hepatotoxicity. In addition, when found in excess, Y may 

be responsible for gene and DNA transcription factors 
modifications (Yang et al., 2006; Xin et al., 2011; 

Persaud-Sharma et al., 2012). Nevertheless, a number of 

studies have shown that, in low concentrations, REE do 
not exhibit cytotoxic effects. Likewise, combined with 

other alloying elements, they showcase positive effects 

on cell viability (Drynda et al., 2010; Feyerabend et al., 

2010).  
Other elements used for alloying are: Zr, that is added 

due to its effective grain refining ability that helps 

improving the yielding strength of the material (Witte et 
al., 2008); Sr, which if it is added in the right amount can 

improve the corrosion resistance of the alloy (Niu et al., 

2008; Li et al., 2013); Si, which has the ability to 
improve yield strength and ultimate tensile strength, 

being from this point of view the most efficient element 

(Gu et al., 2009). In addition, it has been shown that 

elements such as Ca, Sr, Ag and Cu have the ability to 
inhibit bacterial infection after surgery through the 

antimicrobial metallic ions released during the corrosion 

process (Li et al., 2008; Bornapour et al., 2013; Li et al., 
2013; Tie et al., 2013; Zhao et al., 2014; Liu et al., 2016; 

Zhao et al., 2017; Liu et al., 2018). Table 2 denotes the 

common alloying elements and the improvements they 
bring to the materials once they are added to the pure Mg 

matrix. 
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Table 2.  Common elements found in the composition of Mg-based alloy

  

 

 
 

Fig. 3. Overview of conversion and deposition coatings procedures 

 

 

2. Surface treatment strategy 
 

Besides alloying, other strategies can be used in order to 
improve the performance of Mg-based biomaterials and 

bring them closer to the requirements needed for their use 

as bone implants. One of these approaches is represented 

by surface treatment or coating, which similar to alloying 
helps lowering the corrosion rate of various Mg alloys to 

a desired rate (Hornberger et al., 2012; Li et al., 2013; 

Walker et al., 2014). A favourable surface coating has to 
possess the same requirements as the Mg alloy itself of 

being biocompatible and fully degradable, while leaving 

no harmful traces in the human body (Kirkland et al., 
2011). To be suited for biomedical applications, the 

coatings should possess other functions beside 

protections, such as the ability to enhance the 

biocompatibility, osseointegration, bioactivity, local drug 

delivery ability and the mechanical stability of the 

implantable device. Moreover, it should reduce the 

production of hydrogen gas released during the 
degradation process of the Mg alloy (Neacsu et al., 

2015). It is also important to take into account the 

toxicity of the coating layer, which is why the materials 
used should not show any signs of cytotoxicity.  

Moreover, the corrosion products released from the 

coating have to be non-toxic and easily absorbed by the 

surrounding tissue (Walker et al., 2014). Wang et al. 
(2012), classified the surface treatments in two 

categories, i.e. chemical (conversion) and physical 

(deposition) (Fig. 3). The chemical treatment includes 
techniques such as ion implantation, fluoride treatment, 

anodization, acid etching and alkaline treatment.  All of 

these methods are based on the ability of removing the 

ELEMENTS 
MECHANICAL ENHANCEMENTS GAINED AFTER 

THE ALLOYING 
REFERENCE 

Al 
It is added to improve both the strength and the corrosion 

resistance of the metal 

Bamberger et al., 2008; Wen et al., 2009; 

Chen et al., 2014 

Ca 

Once added it has the ability to reduce the grain refining 

size of the alloy; therefore, it improves the mechanical 

properties of the alloy, offering a greater corrosion 
resistance compared to the pure Mg 

Drynda et al., 2010; Tan et al., 2013 

Zn 
It is added in the alloy to improve the strength and reduces 

the detrimental effects of impurities 

Song et al., 1999; Bch et al., 2003; Boehlert 

et al., 2006; Xu et al., 2008; Zhang et al., 

2009; Tan et al., 2013; Walker et al., 2014 

REE 
Once added they increase the strength, corrosion 

resistance, ductility and creep resistance of the alloy 

Dryna et al., 2008; Witte et al., 2008; 

Feyerabend et al., 2010; Peng et al., 2010 

Zr 
It is added to improve the strength and the corrosion 

resistance 
Witte et al., 2008; Brar et al., 2009 

Mn 
Once added it improves the corrosion resistance and 

reduces the effects of certain impurities found in the alloy 

Makar et al., 1993; Song et al., 1999; 

Sharma et al., 2012; Walker et al., 2014 

St 
It is added to improve the corrosion resistance by refining 

the grain size of the alloy 
Niu et al., 2008; Li et al., 2013 
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native magnesium hydroxide layer found on the 
surface of the material (Wang et al., 2012; Walker et al., 

2014) that offers protection against the degradation 

process, just not as efficient as it should have when put 

into a rich-chloride environment. On the other hand, the 
physical treatment consists in the deposition of an 

organic, inorganic or metallic coating on the surface of 

the material, thus leading to the formation of a protective 
barrier between the corrosive physiological environment 

and the biodegradable material (Gray et al., 2002; Yang 

et al., 2011; Hornberger et al., 2012; Walker et al., 2014; 

Yin et al., 2020). In some cases, a combination of the two 
methods can be used, which consists in the initial 

chemical treatment of the surface in order to improve the 

adhesion of the coating that has been obtain through a 
physical treatment (Wang et al., 2012). 

The anti-corrosive coatings on Mg-based materials 

designed for biomedical applications having been studied 
and described in various articles so far include: 

magnesium fluoride (MgF2), that helps decreasing the in 

vivo corrosion rate and temporarily delays the release of 

elements from the alloying system (Yang et al., 2011), 
calcium phosphate (Ca3(PO4)2, CaP) that helps promoting 

the osteogenesis and osseointegration and suppresses the 

release of the corrosion products (Kokubo et al., 2006), 
fluorinated hydroxyapatite (FHA) that promotes the 

mineralization and crystallization of CaP during the 

formation of the new bone tissue through the fluorinated 
ions (Qu et al., 2006) and bioactive glass (Rau et al., 

2016) (Fig. 4).  

 

 
Fig. 4. Types of coatings used for biomedical application 

 

 
At the moment, the most commonly used surface 

coatings are the ones based on polymers and CaP 

(Hornberger et al., 2012; Liao et al., 2013; Chen et al., 
2014; Gaur et al., 2014; Li et al., 2014; Neacsu et al., 

2015) due to their increased biocompatibility and ability 

to enhance the corrosion resistance of the Mg-based 
materials. 

3. Polymer based-coatings  
 

Among various biodegradable materials used as an anti-

corrosion barrier, polymers, natural or synthetic, are the 

primarily materials used for tissue engineering 
applications and bone implants. The appropriate selection 

of the polymer-based coating is a very important step in 

the development process since it can influence the 
biocompatibility of the base biomaterial, and it is 

generally made based on the property that needs to be 

improved. Moreover, the interface between the body 

environment and the surface of the implant is critical in 
eliciting an appropriate immune response. That is why 

selecting the biomaterial for the coating can be as 

important as selecting the alloying system. The protective 
ability of the polymer-based coating is mainly influenced 

by the molecular weight and polymer concentration, 

which in turn influences the polymer’s viscosity. In 
addition, the quality and thickness of the coating depends 

largely on the viscosity of the polymer (Chen et al., 

2014).  

Polymer-based coatings do not only possess the ability to 
enhance the corrosion resistance of the medical devices 

but they also improve the biocompatibility of the said 

devices. Furthermore, they can improve cellular 
processes such as adhesion and proliferation (Wong et 

al., 2010; Xu et al., 2012). In the context of biomedical 

applications, the polymer coating must be flexible to 

withstand the natural movement of the implant and 
maintain its mechanical integrity over a longer period of 

time allowing enough time for the healing process to take 

place. The biodegradable polymers that received the 
Food and Drug Administration (FDA) approval for their 

use in human clinical trials includes poly (L-lactic acid) 

(PLLA); poly (glycolic acid) (PGA) and poly (ε-
caprolactone) (PCL) (Mano et al., 2004; Neacsu et al., 

2015). Starting from these biodegradable polymers, the 

polymer-based coatings that are being used in clinical 

applications are represented by: i) PLLA (Alabbasi et al., 
2012; Hornberger et al., 2012; Xu et al., 2012; Xu et al., 

2012); ii) PCL (Wong et al., 2010; Xu et al., 2012; Xu et 

al., 2012); iii) poly(lactic-co-glycolic acid) (PLGA). 
Methods like spin coating, dip coating and spraying are 

used to apply the coatings on the surface of the Mg-based 

biomaterials (Chen et al., 2014).  

 

4. Calcium Phosphate-based coatings 
 

Another biodegradable material used as a coating is CaP, 
which helps promoting the direct attachment of the 

implant to the surrounding tissue and prevents the 

releasing of the corrosion products into the human body 
(Kokubo et al., 2006; Razavi et al., 2012). Moreover, in 

comparison with the other coatings, CaP leads to the 

formation of a HA layer, similar to the mineralization 

phase of the natural bone (Hornberger et al., 2012). By 
coating Mg-based materials with plain CaP (Xu et al., 

2009; Yanovska et al., 2012; Rojaee et al., 2013; 
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Dorozhkin et al., 2014; Surmenev et al., 2014; Neacsu et 
al., 2015) or with biocomposites based on CaP (Du et al., 

2011; Zhang et al., 2012; Johnson et al., 2013; Wang et 

al., 2013; Zhang et al., 2013; Qiu et al., 2014) the 

corrosion rate of the material will be considerable 
decreased. Furthermore, when is applied to the material 

surface under a thin layer it can improve important 

cellular processes like adhesion, proliferation and 
differentiation, thus, playing an important role in tissue 

regeneration (Surmenev et al., 2014).  

Hydroxyapatite, the main inorganic constituent of the 
natural bone, is widely used as a coating for Mg-based 

biomaterials. It results at the end of the mineralization 

process and it is used in clinic as a biomedical material 

either as a protective layer or powder due to its excellent 
bioactivity and biocompatibility (Wang et al., 2013; 

Antoniac et al., 2020). It possesses an increased 

osteoconductive potential, mainly due to its structural and 
chemical similarity to the natural bone (Erbe et al., 2001; 

Ghosh et al., 2008; Dai et al., 2011; Wang et al., 2013). 

Additionally, a series of studies demonstrated its ability 

to act as a carrier for a number of osteoconductive growth 
factors and some osteogenic cell populations (Noshi et 

al., 2000). Also, in a physiological environment, it has 

the lowest solubility of all CaP coatings (Desai et al., 
2008). All of the above properties have transformed HA 

coatings into favourable candidates for clinical 

applications. In recent years, HA coatings have been 
replaced with fluorinate hydroxyapatite (FHA) due to its 

better protein adsorption ability, lower rate of dissolution 

and good biocompatibility. In addition, the fluoride ions 

promote the mineralization and crystallization of CaP 
during the formation process of the bone (Qu et al., 

2006). Although the number of studies involving HA 

coatings deposited on Ti-based materials is extensive, in 
the field of Mg-based materials, studies are still in the 

initial phase.  

Tricalcium phosphate (Ca3(PO4)2; TCP) is a resorbable 
bioactive ceramic material composed of two phases, α- 

and β-TCP (Tan et al., 2013), with the β-TCP phase 

predominant at lower temperatures of 900-1100 degrees 

Celsius (Driessen et al., 1982; Yubao et al., 1997) and the 
alpha phase predominating at much higher temperatures, 

up to 1250 
0
C (Driessen et al., 1982; TenHuisen et al., 

1998). Between the two phases, only β-TCP is used in the 
medical field in bone regeneration applications. TCP is 

an osteoconductive material (Cai et al., 2009; Chappard 

et al., 2010; Rokn et al., 2012) with a faster 

biodegradation rate than the rest of the ceramics (e.g., 
HA). The small particle size and the interconnected 

sponge like microporosity gives TCP the ability to 

improve the material’s osteoconductivity and to enhance 
the remodelling of bone tissue by promoting the 

resorption process (Erbe et al., 2001; Hing et al., 2007; 

Ghosh et al., 2008; Nandi et al., 2008; Tan et al., 2013).   
 

 

 

5. Bioactive glass-based coatings  
 

Discovered by Hench et al. (1971), the bioactive glass 

showed various applications, including in the field of 

bone regenerative medicine (Vogel et al., 2001; Dorea et 
al., 2005). Bioactive glass has the ability to fix itself to 

the surrounding bone tissue in the absence of a fibrous 

connective tissue interface (Duskova et al., 2002; Bita et 
al., 2016), possessing both osteoconductive and 

osteoinductive proprieties (Hench et al., 1998; Hench et 

al., 2006; Jones et al., 2007). When it first came out, its 

composition contained 45 wt% SiO2, 24.5 wt% CaO, 24.5 
wt% Na2O and 6 wt% P2O5 (Hench et al., 1991), but in 

time the composition suffered minor changes such as 

removal of sodium (Na) and the addition of other 
elements like Mg (Vitale-Brovarone et al., 2007; Vitale-

Brovarone et al., 2008), Ag (Blaker et al., 2004; 

Bellantone et al., 2007; Balamurugan et al., 2008; Delben 
et al., 2009), potassium (K) (Cannillo et al., 2009), Zn 

(Aina et al., 2009; Haimi et al., 2009), Fe (His et al., 

2007). Studies showed that high contents of sodium 

oxide (Na2O) and calcium oxide (CaO) in the 
composition of the bioactive glass led to a highly reactive 

surface when put in a physiological environment (Hench 

et al., 1991). By replacing silicon oxide (SiO2) with 15 % 
diboron dioxide (B2O2) and CaO with 12 % calcium 

fluoride (CaF2) no modifications in the surface’s 

bioactivity could be observed (Gross et al., 2004) but 
when 12 % aluminium oxide (Al2O3) was added, issues 

with the bioactive glass’ ability to fix itself to the 

surrounding bone was observed. 

 

In vitro studies of currently developed Mg-

based biomaterials 

 

Despite the great potential of Mg-based biodegradable 
materials for clinical applications, their rapid degradation 

rate limits their use as implantable devices. An ideal 

biodegradable and bioresorbable implant should possess 
a favourable mechanical strength and a low degradation 

rate, while being able to promote new bone formation 

and tissue healing around the implant site (Neacsu et al., 
2015). Therefore, different new Mg-based biomaterials 

were developed and their in vitro response was 

investigated in order to predict their in vivo behaviour 

and their potential as biodegradable implants for clinical 
applications. 

 

1. Mg-Alloys 
 

Mg-Ca alloys. Calcium (Ca) is one of the major 

components of the bone tissue, being essential in various 

cellular processes, thus indispensable from the human 
body. In terms of alloying, Ca possesses a low density 

and a solubility limit of 1.34 wt%, properties that gives 

the binary Mg-Ca alloy system, bone like properties (Li 
et al., 2008), thereby making it a perfect candidate for 

alloying. A large body of in vitro studies evaluated the 

effect of the amount of Ca on the mechanical properties 
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of a Mg-Ca alloy system. Drynda et al. (2010) 
evaluated the effect of Ca content within a Mg-Ca alloy, 

regarding strength and ductility, and the results show that 

high Ca contents led to a higher strength and lower 

ductility. Additionally, Tan et al. (2013) observed that by 
increasing the secondary phase of the binary alloy, an 

enhancement in the corrosion resistance could be 

acquired. Similar results were reported by Harandi et al. 
(2013), in their paper where it was investigated the effect 

of Ca addition on the microstructure and corrosion 

behaviour of five different Mg-xCa alloys. Their results 

showed that by increasing the Ca content an increase in 
the secondary phase of the binary alloy could be 

observed. Furthermore, the in vitro corrosion evaluation 

showed that the addition of Ca led to a shift in the pH 
value of the fluid to a higher level similar to those found 

in pure Mg, which led to the formation and growth of 

bone like apatite. However, increasing the Ca content led 
to a lower corrosion resistance, thus indicating that 

minimum amounts of Ca are the most beneficial in terms 

of clinical applications. Furthermore, Rad et al. (2012) 

reported that by adding higher amounts of Ca in the 
microstructure of a Mg-Ca binary alloy, a significantly 

reduction of the grain and cell size could be observed, 

leading to an alloy unsuitable for clinical applications 
with a low ductility and corrosion resistance. In order to 

improve its performance, a series of elements can be 

added into the composition of the binary Mg-Ca alloy, 
one example being Zn. Du et al. (2011) added Zn into the 

composition of a Mg-3Ca alloy, and the results obtained 

showed an improvement in strength and ductility of the 

system. Li et al. (2008) investigated the biological 
performance of a binary Mg-Ca alloy with various Ca 

contents (1-3 wt%) and different fabrication conditions, 

the results revealed that the binary alloy did not induce 
any cytotoxic effect on the L-929 cells. Moreover, in 

vitro corrosion tests showed that a mixture of Mg(OH)2 

and HA has been formed in time on the surface of the 

binary alloy. These results were supported by data 
obtained during in vivo studies (Li et al., 2008).  Makkar 

et al. (2018) evaluated the in vitro performance of binary 

Mg-xCa alloys (0.5 wt% and 5.0 wt %) for use as 
biodegradable biomaterials within bone. The results 

showed a better behaviour for the Mg-0.5Ca alloy in 

comparison to the Mg-5.0Ca alloy, both in terms of 
biocompatibility and corrosion resistance, suggesting that 

the Mg-0.5Ca alloy could be used as a biodegradable 

base material for clinical applications.   

Mg-Al alloys. Aluminium (Al) is one of the most 
commonly used alloying element due to its ability to 

improve both the corrosion resistance and the strength of 

the alloy. It possesses a maximum solubility of 12.7 wt% 
in Mg (Chen et al., 2014) and when dissolved in the Mg 

matrix it results in the formations of two phases, α(Mg) 

and γ(Mg17Al12) (Bamberger, 2008). Chen et al. (2014) 
reported that by adding Al in the Mg matrix, an 

improvement in strength and corrosion resistance of the 

alloy could be observed. Likewise, Wen et al. (2009) 
studied the effect of Al content within Mg-Al alloys and 

noticed that by increasing the amount of Al, the corrosion 

resistance and strength of the alloy can be further 

enhanced. However, Zheng et al. (2014) showed that by 
exceeding the Al content by 6 wt%, a significant decrease 

in the alloy strength occurs. Similar results were obtained 

by Xin et al. (2011). In their study a lower corrosion 
resistance was reported due to the increased presence of 

the Mg17Al12 phase that promoted the galvanic corrosion. 

The most common Mg-Al alloys commercially found on 

the market and used in biomedical applications are 
represented by AZ31 (Witte et al., 2005; Lu et al., 2007; 

Gray-Munro et al., 2009; Wen et al., 2009; Gu et al., 

2011), AZ61 (Wen et al., 2009), AZ91 (Witte et al., 
2005; Lu et al., 2007; Kannan et al., 2008; Wen et al., 

2009;) and AM60 (Lu et al., 2007). 

Mg-Zn alloys. Exhibiting a solubility limit of 6.1 wt% in 
Mg and two main phases, α-Mg and γ-MgZn (Zhang et 

al., 2011), Zn is the second most commonly used metal 

for alloying (Persaud-Sharma et al., 2012; Walker et al., 

2014). By adding Zn within the alloying system, an 
increase in strength (Bch et al., 2003; Boehlert et al., 

2006; Xu et al., 2008; Zhang et al., 2009; Tan et al., 

2013; Walker et al., 2014) and the corrosion resistance of 
the alloy could be obtained. One possible explanation 

could be the reduction of the harmful effects of the 

impurities found in the Mg-matrix, such as Fe, Cu and Ni 
(Song et al., 1999). Cai et al. (2012) developed a binary 

Mg-Zn alloy with a 5 wt% Zn content and the results 

showcased a secondary phase strengthening and grain 

boundary that led to an improvement in the mechanical 
properties and corrosion resistance of the alloy.  In 

addition, Zn can reduce the production of hydrogen gas 

released during the corrosion process. Zberg et al. (2009) 
investigated the effect of Zn content within Mg alloys 

and noticed that alloying systems containing smaller 

amounts of Zn in their composition led to a higher release 

of hydrogen gas, while alloys with a higher percentage of 
Zn released no significant levels of hydrogen during the 

corrosion process. In terms of cytotoxicity, Zn can only 

become toxic at very high concentrations (Borovansky et 
al., 1989; Koh et al., 1994). Zhang et al. (2010) evaluated 

a patented Mg-6Zn alloy in terms of biocompatibility and 

the results obtained showed no cytotoxic effects on the 
cells whatsoever. Chen et al. (2011) tested the in vitro 

biocompatibility of a Mg-Zn alloy in terms of cell 

attachment, mineralization and osteogenic-specific 

mRNA expression. The results obtained revealed better 
cell attachment and improved mineralization ability for 

the cells cultured on the binary alloy in comparison to the 

PLLA control. However, in terms of corrosion, the alloy 
corroded faster than the control. Cipriano et al. (2015) 

evaluated the behaviour of bone marrow derived 

mesenchymal stem cells (BMSCs) at the interface with 
four biodegradable Mg-xZn-0.5Ca alloys. Their results 

suggested that minimal amounts of Zn did not improve 
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the corrosion resistance of the system, while in terms of 
cytotoxicity no significant differences were observed in 

comparison to the control. 

Mg-Zr alloys. Zirconium (Zr) is generally added within 

the alloy as a grain refiner (Witte et al., 2008; Peng et al., 
2010; Walker et al., 2014) in order to improve the 

corrosion behaviour and strength (Babkin et al., 2004; 

Huan et al., 2010). Zhang et al. (2012) showed that by 
adding 1 wt % Zr within the alloying system, a great 

improvement in strength and ductility of the alloy could 

be observed, along with a 50 % reduction in the corrosion 
rate compared to pure Mg. Similar to other elements, 

such as Mn, it has the ability to lower the corrosion rate 

of the alloy by reducing the harmful effects of impurities. 

Huan et al. (2010) revealed that by maintaining the Zr 
content under a 0.48 wt % limit, a reduction in the 

corrosion rate of the alloy could be observed, but once 

the threshold is surpassed the precipitation of the Zr-Fe 
particles is no longer possible. Additionally, Zr can be 

used in combination with other alloying elements, with 

different outcomes. When put together with Al and Mn it 

led to the formation of a stable compound that cancelled 
its ability as a grain refiner.  In addition, a series of 

studies have revealed that Zr possesses low cytotoxicity, 

good biocompatibility and enhanced in vivo 
osseocompatibility.  

Mg-REE alloys. The REE category includes 15 elements 

and the most frequently studied Mg-REE alloys to date 
are represented by Mg-Gd (Nakamura et al., 1997), Mg-

Ce, Mg-Nd, Mg-La and Mg-Y (Tan et al., 2013). 

Usually, REE are added within the alloying system with 

the purpose of improving the mechanical properties of 
the Mg-based biomaterials, since their contribution 

towards improving the corrosion rate of the alloy is not 

beneficial due to their either anodic or cathodic character 
(Song et al., 2019). Birbilis et al. (2009) showed that 

REE exhibiting a low solid solubility in the Mg matrix 

induced the formation of the secondary phase that 
enhances the corrosion process of Mg alloys. On the 

contrary, Hort et al. (2010) and Peng et al. (2010) 

reported that the addition of highly soluble RRE in the 

Mg matrix, led to the formation of an intermetallic free 
Mg alloy that demonstrated a higher corrosion rate when 

compared to pure Mg. Elements like Gd and Nd attracted 

a growing interest in the recent years due to their ability 
to improve the corrosion rate of the alloy. Seitz et al. 

(2011) investigated the mechanical and corrosive features 

of a Mg-2Nd alloy and the results showed positive results 

in terms of cell viability/proliferation and corrosion rate, 
suggesting that the alloying system can be a potential 

candidate for biomedical applications. Bian et al. (2018) 

evaluated the biological performance of a Mg-Zn-Gd 
alloy and the in vitro results revealed a lower degradation 

rate. In addition, this alloy did not show any cytotoxicity 

on the MG63 osteoblasts, vascular smooth muscle cells 
(VSMC) and L292 fibroblasts. Zhang et al. (2012a) 

observed that after extrusion, a Mg-3Nd-0.22Zn-0.4Zr 

alloy exhibits an improvement in strength and ductility 

due to the dynamic precipitation and grain refinement of 
the Mg12Nd phase. Likewise, Zhang et al. (2012b) 

reported that after extrusion, a Mg-11.3Gd-2.5Zn-0.7Zr 

alloy showed a favourable corrosion resistance and 

excellent mechanical properties due to the formation of 
the intermetallic Mg5Gd phase. However, due to its rich 

content in Gd it also possessed a cytotoxic potential. 

In Fig. 5 are indicated the main properties exhibited by 
the most common Mg alloys being used in various 

medical applications. 

 

2. Surface coatings  
 

Various in vitro studies focused on the surface 

modification methods and different degrees of 
improvements in the corrosion rates of the Mg-based 

biomaterials have been reported. Table 3 summarises the 

most relevant studies regarding different types of 
coatings for Mg-based biodegradable materials.  

Polymer-based coatings. A popular topic in biomaterials 

research is represented by the evaluation of polymer 

coatings deposited on Mg-based biomaterials, with 
PLLA, PCL and PLGA coatings being the most common 

ones. Abdal-hay et al. (2013a) developed a 

hydroxyapatite/poly(ε-caprolactone (nHAp/PCL) coating 
on a Mg alloy AM50 via dip coating and the results 

showed that both the uncoated and coated samples 

presented a good corrosion resistance in simulated body 
fluid (SBF) but on long term it was the coated alloy that 

exhibited a superior corrosion resistance compared to the 

uncoated and single PCL coated samples. In addition, the 

coated alloy displayed an improved bioactivity due to the 
presence of HA particles (HAp) that possess the ability to 

enhance cell adhesion and proliferation on the surface of 

the alloy. In another study, Abdal-hay et al. (2013b) 
deposited a HAp-PLA coating on an AZ31B substrate 

with the purpose of attaining a better control over the 

degradation rate and bone formation. By covering the 

surface of the alloy with a thinner layer of coating, an 
improvement in the corrosion resistance was observed 

due to the presence of the precipitated apatite formed by 

the HAp. Furthermore, the cytotoxicity evaluation 
showed no harmful effects on the cell growth. Li et al. 

(2010) deposited a PLGA coating on a Mg-6Zn alloy and 

noticed that in comparison to the plain alloy the corrosion 
resistance of the coated alloy was improved significantly. 

Additionally, the presence of the coating led to an 

enhancement in the cell adhesion process. Wong et al. 

(2010) deposited on a commercial AZ91 substrate a 
newly tailored biodegradable polymer-based porous 

membrane (PCL/dichloromethane) and the results 

showed a reduction in the corrosion rate. Neacsu et al. 
(2017) evaluated the in vitro biocompatibility of a newly 

cellulose acetate (CA) deposited on Mg alloy (Mg-1Ca-

0.2Mn-0.6Zr) by means of dipping method and the 
results showed no cytotoxic effects, good cell adhesion, 

viability and an enhancement in the promotion of the 

osteogenic differentiation in comparison to the uncoated 

substrate. Beside dip-coating, micro-arc oxidation 
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(MAO) represents a commonly used method for 
depositing biodegradable coatings on Mg substrates. 

Zeng et al. (2016) deposited a MAO/PLLA composite 

coating on a Mg-1Li-1Ca alloy, and the results revealed 

the beneficial effect of the composite coating on the 
corrosion resistance.  

 

 

 

 
Fig. 5. Key characteristics of the Mg-based alloys 

 

Table 3. Summary of the coatings deposited on different Mg-based alloys 

Mg SUBSTRATE COATING/DEPOSITION METHOD REFERENCE 

Polymer- Based Coatings 

AM50 Porous nHAP/PCL/ Dip coating method Abdal-hay et al., 2013a 

AZ31B Porous HAp/PLA/ Dip coating method Abdal-hay et al., 2013b 

Mg-6Zn PLGA/ Dip coating method Li et al., 2010 

AZ91 PCL/dichloromethane /Dip coating method Wong et al., 2010 

Mg-1Ca-0.2Mn-0.6Zr CA/ Dip coating method Neacsu et al., 2017 

Mg-1Li-1Ca PLLA/ MAO technique Zheng et al., 2016 

AZ31/HA PCL/HA/ Spin coating method Hanas et al., 2018 

Mg-1Ca Chitosan/ Dip coating method Gu et al., 2009 

Calcium Phosphate – Based Coatings 

Mg-1.2Mn-1.0Zn Porous and netlike CaP/ Phosphating process Xu et al., 2009 

Mg-0.1Ca CaP/ ED Zhang et al., 2010 

Mg-4Y CaP/ Sol-gel method Roy et al., 2011 

AZ31 CaP/ Immersion into Ca(No3)2 , NaH2PO4 and NaHCO3 solutions Cui et al., 2008 

AZ31 HAp/OCP/ Single step chemical deposition Hiromoto et al., 2015 

Mg scaffolds β-TCP/ Immersion in Na2HPO4 solution Chen et al., 2014 

Mg-0.8Ca β-TCP/ MAO technique Sedelnikova et al., 2018 

Hydroxyapatite – Based Coatings 

AZ31 HA/ Nanopodwer dispersion and ED Kaabu Falahieh Asl et al., 2014 

ZK60 HA layer/ Heat treatment Wang et al., 2013 

Pure Mg HA layer/ Heat treatment Kim et al., 2014 

AZ31 Double layer HA-SrHA/ Microwave irradiation Yu et al., 2016 

Mg-2Zn-1Mn-0.5Ca Ag/HA/ Chemical conversion Hu et al., 2017 

AZ31 HA/ Biomimetic strategy with the assistance of PDA Lin et al., 2015 

Mg-Ca HA/ Pulsed laser deposition Rau et al., 2018 

Mg-1.2Ca-4.5Zn Bi-layered SiO2/Ag-FHAp/ PVD and ED Bakhsheshi-Rad et al., 2016 

Bioactive glass – Based Coatings 

AZ91 Nano-sized bioactive glass/ Electrophoretic deposition method Rojaee et al., 2014 

WE43 Chitosan/bioactive glass/silica/ Electrophoretic deposition method Heise et al., 2018 

 

 

However, the hydrogen released during the degradation 
process caused an internal stress under the MAO/PLLA 

coating, which led to poorer mechanical properties. The 
in vitro evaluation showed positive results regarding cell 
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adhesion and cytotoxicity. The polymer layer can also be 
prepared through electro-deposition. Hanas et al. (2018) 

studied the biodegradation and biomineralization of an 

electrospun nanofibrous PCL/HA composite coating 

deposited on the AZ31/HA metal matrix composite. The 
alloy was previously treated with HNO3, process that led 

to an improved adhesion between the coating and the 

surface of the alloy. The results showed an improved 
bioactivity and better control over the degradation 

process of the alloy. Apart from synthetic polymers, 

natural polymers like chitosan are commonly used for 
coating. Gu et al. (2009) developed a chitosan-based 

coating with a 6-layer structure that once it has been 

applied on a Mg-1Ca alloy, offered a better protection 

against the corrosion process, in comparison to the plain 
alloy. Xu et al. (2008) designed a chitosan-based coating 

that was deposited on two types of Mg alloys with 

different REE in their composition. The results showed 
the protective ability of the coating against the corrosion 

process in both cases. 

Calcium Phosphate-based coatings. Thanks to its 

special characteristics, CaP is generally used in various 
biomedical applications, but in the context of Mg-based 

biomaterials only a low number of CaP-based coatings 

have been the subject of in vitro testing (Geng et al., 
2009; Xu et al., 2009; Chen et al., 2014; Chen et al., 

2014; Qiu et al., 2014 Neacsu et al., 2015). Xu et al. 

(2009) deposited a CaP layer on a Mg-Mn-Zn alloy and 
the in vitro results obtained suggested that the CaP 

coating was capable of providing a better surface 

biocompatibility and corrosion resistance. Similar results 

were obtained by Zhang et al. (2010). In the study they 
successfully prepared a CaP coating on a Mg-0.1Ca alloy 

by means of electrochemical deposition, and the results 

showed that the CaP coating was capable of improving 
the corrosion resistance of the alloy. Furthermore, the 

morphology and thickness of the coating had a significant 

effect on the corrosion rate of the alloy. Contradictory 
results regarding the improvement of the corrosion rate 

were published by Roy et al. (2011). In the study they 

prepared a CaP coating by the means of sol-gel method 

and the in vitro results showed no significant differences 
in terms of corrosion rates between the coated and the 

uncoated samples, while the cytotoxicity evaluation 

revealed an increased bioactivity for the coated samples 
in comparison to the uncoated ones. Moreover, it was 

observed that on the coated surface cells can form a 

matrix more rapidly than on the bare alloy. Another CaP 

phase used to date for coatings in orthopaedic devices is 
ortocalcium phosphate (OCP), an intermediary stage in 

the precipitation of hydroxyapatite (HA) and bone-like 

apatite (Shadanbaz et al., 2012). Cui et al. (2008) used a 
CaP coating that included in its composition HA, OCP 

and dicalcium phosphate in various concentrations. The 

coating was deposited on an AZ31 commercial alloy and 
its protective ability against the corrosion process in a 

3.0% sodium chloride (NaCl) solution, has been reported. 

Hiromoto et al. (2015) prepared a OCP and HAp coating 

on a Mg-3Al-1Zn (AZ31) alloy by a single step chemical 
deposition solution and it was observed that the corrosion 

of the alloy has been delayed by both OCP and HAp 

coatings, due to an enhancement in the precipitation 

process of HA. Tricalcium phosphate (TCP) Ca3(PO4)2 is 
a resorbable bioactive ceramic material, composed of two 

phases, α and β-TCP (Tan et al., 2013), with only the β-

TCP phase used in the medical field in bone regeneration 
applications. In vitro studies revealed that TCP is an 

osteoconductive material (Cai et al., 2009; Chappard et 

al., 2010; Rokn et al., 2012) capable of enhancing the 
remodelling process of bone tissue by promoting the 

resorption process, mainly due to its small particle and 

interconnected sponge like microporosity (Erbe et al., 

2001; Ghosh et al., 2008; Nandi et al., 2008; Hing et al., 
2009; Tan et al., 2013). Geng et al. (2009) reported a 

lower rate of corrosion in the case of a β-TCP coating 

deposited on a Mg scaffold when compared to the bare 
Mg scaffold. Chen et al. (2014), deposited a β-TCP 

coating on a Mg alloy and the in vitro studies showed that 

the Mg alloy exhibited an osteoimmunomodulatory 

potential due to the presence of β-TCP coating on the 
surface of the alloy. Sedelnikova et al. (2018) formed a β-

TCP coating by micro-arc oxidation on a Mg-0.8Ca alloy 

and the results suggested an improved corrosion rate of 
the coated alloy in comparison to the plain sample, a 

possible explanation being the presence of a ticker 

coating on the surface of the alloy due to the formation of 
HA which offers additional protection against the 

corrosive agents.  

Hydroxyapatite-based coatings. Another CaP based 

material used for coating the surface of Mg-based 
biomaterials is HA, and a number of in vitro studies have 

reported its beneficial properties. Kaabi Falahieh Asl et 

al. (2014) prepared using two different methods (nano 
powder dispersion and electrophoretic deposition) a HA 

based-coating on a commercial AZ31 alloy and showed 

that the deposition rate and the coating microstructure 
depends on the applied voltage. Therefore, by increasing 

the voltage, a thicker coating can be obtained, which led 

to an enhanced corrosion rate. Similar results were 

reported by Wang et al. (2013) and Kim et al. (2014). 
Thus, Wang et al. (2013) coated a ZK60 alloy with a HA 

layer using a simple conversion process-heat treatment- 

and reported an improvement in the corrosion resistance 
and cytocompatibility of the alloy when compared with 

the uncoated alloy. On the other hand, Kim et al. (2014) 

deposited a HA layer onto a Mg substrate by means of a 

simple treatment in an aqueous solution and observed 
that apart from an improved corrosion rate, a lower 

production of hydrogen gas released during the corrosion 

process. In addition, they noticed an enhancement in the 
cellular processes such as adhesion, proliferation and 

differentiation. Yu et al. (2016) used a double layer to 

coat a Mg alloy by means of microwave irradiation. The 
HA layer provided a better protection against the 

corrosion process, while the double strontium doped 

hydroxyapatite (SrHA) layer led to an excellent 
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biomineralization process. Hu et al. (2017) coated an 
extruded Mg-2Zn-1Mn-0.5Ca alloy with an Ag/HA 

composite conversion layer and the results revealed a 

better protection in Hank’s solution and good adhesion 

and antibacterial properties due to the presence of Ag. 
Lin et al. (2015) tailored a mussel-inspired polydopamine 

(PDA) induced biomimetic HA coating on the AZ31 

alloy. The corrosion results revealed an increase in the 
corrosion resistance of the coated samples in comparison 

to the single PDA and HA coating. Furthermore, in vitro 

tests showed no potential cytotoxic effects, but a 

promotion of cell growth. Rau et al. (2018) deposited a 
HA coating on a Mg-Ca alloy in order to obtained a 

controllable in vitro degradation process, and the results 

showed a good corrosion in SBF, suggesting a promising 
potential for the developed coatings.  

In recent years, an attempt to replace HA coatings with 

fluorinate hydroxyapatite (FHA), in the field of medical 
devices, has been made. In vitro studies have shown that 

FHA exhibits better protein adsorption, a lower rate of 

dissolution and good biocompatibility. To note that 

although the number of studies involving HA coatings 
deposited on Ti-based materials is extensive, in the field 

of Mg-based materials, the research and studies are still 

in the initial phase. Bakhsheshi-Rad et al. (2016) 
deposited a bi-layered silica/silver doped 

fluorohydroxyapatite (SiO2/Ag-FHAp) coating on a Mg-

1.2Ca-4.5Zn alloy through the physical vapour deposition 
method (PVD) combined with electrodeposition (ED). 

The SiO2/Ag-FHAp double layered coating showed a 

lower corrosion rate and significantly higher cellular 

viability in the long term compared to the SiO2 single 
layered and the plain samples. 

Bioactive glass. Rojaee et al. (2014) deposited a nano-

sized bioactive glass through the electrophoretic 
deposition (EPD) method on a commercial AZ91 alloy 

obtained through MAO technique and the results showed 

that the coating had the ability to protect against 

corrosion and offered the substrate the ability to form 
apatite when immersed in SBF. Heise et al. (2018) 

produced a chitosan/bioactive glass/ silica coating on the 

WE43 alloy by means of electrophoretic deposition. The 
results showed that the corrosion resistance has been 

increased once the coating has been applied when 

compared to the untreated surface. Furthermore, the 
addition of SiO2, further enhanced the corrosion 

resistance of the alloy. 

A summary of the most relevant properties exhibited by 

various coatings deposited on Mg based alloys for 
biomedical applications is shown in Fig. 6.  

 

3. Surface functionalization  
 

In order to further improve the biological performance of 

the Mg-based biomaterials, bioactive molecules can be 

added within the composition of the anti-corrosive 
coatings with the purpose of inducing synergistic effects 

within the hybrid system (Shin et al., 2003; Saiz et al., 

2013). Immobilization of the bioactive agents in the 
composition of the coatings deposited on the surface of 

implants can improve its osteoinductive capacity, 

stimulate cell migration, promote cell adhesion and 

proliferation of osteoblasts and reduce microbial activity. 
In this regard a number of studies have been carried out 

with the purpose of modifying the surface of the 

biomaterials to a greater extent (Brammer et al., 2012). 
For example, zinc oxide (ZnO) has emerged as a 

potential candidate for surface functionalization due to its 

antibacterial and antifungal properties. Mousa et al. 

(2018) dispersed zinc oxide nanoparticles (ZnO NPs) 
within a new biodegradable layer composed of PLA. The 

newly developed coating was deposited through a dip-

coating method on the AZ31 alloy and the results 
obtained suggested that the multifunctional coating 

exhibited anticorrosive and antibacterial properties, with 

an improved cell adhesion and proliferation. Similar 
results regarding the addition of ZnO NPs within the 

composition of anti-corrosive coatings were obtained by 

Kim et al. (2016). In their study, a PCL/ZnO coating was 

applied on the AZ31 substrate by means of 
electrospinning and the results revealed a superior 

corrosion resistance, cell attachment and proliferation for 

the coated samples in comparison to the uncoated ones. 
Moreover, by increasing the ZnO NPs content, an 

increase in the corrosion resistance and cell adhesion 

could be observed. Aside from metallic nanoparticles, 
different antibiotics, anti-inflammatory drugs and growth 

factors have been immobilized within coatings in order to 

enhance the corrosion behaviour and cell response. Rezk 

et al. (2018) incorporated simvastatin (SIM), a drug with 
positive effects on bone formation (Piskin et al., 2007), 

into a HA-NPs/PCL composite coating deposited on the 

AZ31 substrate via electrospinning. The results indicated 
a reduced degradation process and an enhanced bone 

tissue regeneration. The in vitro evaluation showed that 

the additional presence of SIM within the composite 

coating led to a higher cell adhesion and proliferation on 
the implant surface. Pandele et al. (2018) immobilized 

resveratrol (Res) onto a cellulose acetate (CA) polymeric 

membrane deposited onto a Mg-1Ca-0.2Mn-0.6Zr alloy 
and the in vitro results showed its ability to support pre-

osteoblast viability and proliferation. Moreover, the 

addition of Res within the composition of the coating led 
to a significant increase in alkaline phosphatase activity 

and extracellular matrix (ECM) mineralization. 

 

In vivo studies of currently developed Mg-

based biomaterials 

 

A recent study showed that, annually, more than one 

million people suffer from broken/fractured bones in the 
USA alone, some of these fractures being too complex 

for external medical treatment, therefore making the need 

of bone fixtures such as screws, plates, pins, wires made 
of Mg-based alloys necessary.  
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During recent years, the effect of alloying and surface 
treatments on cells response has been evaluated through 

in vitro studies, but in some cases, the in vitro results 

were not sufficient in order to predict the in vivo 

behaviour of the biomaterial; therefore, further in vivo 

studies were required. As a vast number of Mg-based 
biomaterials have been tested in vivo, this section will 

present recent literature since 2010 to now (Table 4). 

 

 

 

 
Fig. 6. Mg based coatings characteristics 

 
 

Table 4. Summary of relevant in vivo studies regarding Mg-based biomaterials 

MG SUBSTRATE SPECIES RESULTS REFERENCE 

Mg alloys 

Mg-0.8Ca; LAE442 

WE43 

 

Rabbit 

LAE442 exhibited a good corrosion resistance and initial 

strength while the other two alloys were deemed not suitable 

for bone implant applications. 

Krause et al., 2010 

WE43 Rat Improved mechanical strength and osseointegration. Castellani et al., 2011 

ZEK100 

 

Rabbit 

In short term it exhibited a low degradation rate and stability 

but on long term it led to bone alteration after complete 

degradation.  

 

Dziuba et al., 2013 

Mg-5Zr; Mg-5Zr-Ca 

Mg-2Zr-5Sr;  

Mg-Zr-2Sr 

New-

Zealand 

White rabbit 

Improved corrosion resistance due to the addition of Sr in 

the Mg matrix. 
Mushahary et al., 

2013 

Mg-1.0-0.5Sr Rat 
Mild inflammatory response and new bone formation after 6 

weeks of implantation. 
Berglund et al., 2016 

Mg-3.5Li-0.5Ca Mouse Enhanced new bone formation and cortical bone thickness. Xia et al., 2018 

Mg-Ag-Y 
Sprague 

Dawley rat 

Enhanced new bone formation and corrosion resistance due 

to the presence of Y. 
Yu et al., 2018 

Mg-Y-Zn-Zr-Ca Rat Favourable biocompatibility but poor corrosion resistance.  Chou et al., 2019 

Mg-1.8Zn-0.2Gd 
Sprague 

Dawley rat 

Good biocompatibility but poor corrosion resistance on long 

term. 
Bian et al., 2018 

Mg-5.25Zn-0.6Ca 

 

Mouse 

Favourable biocompatibility and enhanced new bone 

formation. The corrosion rate was influenced by the 

implantation region and the surgical trauma.  

 

Gu et al., 2018 

AZ31 Sheep 
The corrosion rate was mainly influenced by the 

implantation region. 
Willbold wt al., 2011 

Mg-Zn Rabbit The corrosion rate was influenced by the implantation site. Han et al., 2014 

Mg-2Sr-Ca 

Mg-2Sr-Zn 
Mouse 

Improved corrosion resistance and enhanced new bone 

formation. 
Chen et al., 2020 
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Mg-1Sc 
Rabbit 

Enhanced osteogenic process and low corrosion rate after 5 

months in situ. 

Lin et al., 2020 

Surface coatings 

Mg-Zn-Ca/ CA-defHA Rabbit 
Improved corrosion resistance and new bon formation for 

the coated alloy.  
Wang et al., 2011 

AZ31/ Hap/OCP Mouse 
Supressed FBR and low degradation rates for both coated 

alloys.  
Hiromoto et al., 2015 

Mg-6Zn/β-TCP Rabbit 
Favourable biocompatibility and improved new bone 

formation. 
Yu et al., 2012 

β-TCP/Mg-

Zn/dopamine/gelatine/ 

rhBMP-2 

New 

Zealand 

White 

rabbit 

Improved corrosion resistance and new bone formation 

coupled with a favourable biocompatibility. 

 

Liu e al., 2020 

 

Mg/HAT 

 

Rabbit 

Improved corrosion resistance and new bone formation. 

Furthermore, an enhanced osteogenic process and supressed 

osteoclastogenic process was observed. 

 

Li et al., 2018 

 

ZK60/Ca-Sr-P 

 

Rabbit 

Enhanced new bone formation and osseointegration coupled 

with a low corrosion rate. 

Makkar et al., 2020 

Mg-Sr/Sr-Ca-P Rabbit Improved corrosion rate and new bone formation. Han et al., 2016 

Mg-Nd-Zn-Zr/SrHPO4 Rat 
Improved new bone formation and corrosion resistance 

coupled with an enhanced fracture healing. 
Wang et al., 2020 

Mg-1Ca-0.2Mn-

0.6Zn/AC 
Rat 

Improved bone regeneration and no scar tissue. Neacsu et al., 2017 

AZ31/MMT-BSA Rat Improved structural integrity and no toxic effects in the host. Wang et al., 2019 

AZ31B/Fluoride Rabbit Improved corrosion resistance and osteogenic activity.  Sun et al., 2016 

MZZ/MgF2 Rabbit 
Improved corrosion resistance, cytocompatibility, 

osteoinductivity and osteogenic activity. 
Li et al., 2017 

AZ91/akermanite/PEO Rabbit Enhanced new bone formation and reduced inflammation.  Razavi et al., 2014 

AZ91/diopside 

(CaMgSi2O6) 
Rabbit 

Reduced gas bubbles formation and enhanced new bone 

formation. 
Razavi et al., 2014 

 

 

1. Mg-Alloys 
 

As mentioned before, pure Mg possesses insufficient 

mechanical strength and a rapid corrosion rate in 
physiological environments. Therefore, the development 

of new Mg alloys with lower corrosion rates and 

improved mechanical properties is desirable. Alloys such 

as AZ91, LAE442, WZ21, and WE43 have been widely 
tested throughout the years, and the results of the in vivo 

studies have shown that, at some extent, those Mg alloys 

can be used as potential biomaterials for bone implants. 
Krause et al. (2010) investigated three different types of 

Mg-based alloys (MgCa0.8; LAE442; WE43) in terms of 

mechanical strength and degradation process for the use 
as bone implants and the results revealed that the 

MgCa0.8 alloy system exhibited a low initial strength and 

a rapid corrosion rate, while the LAE442 alloy degraded 

slowly and showed good initial strength. The last Mg-
based biomaterial, WE43, exhibited an unpredictable in 

vivo behaviour; therefore, it was deemed as not safe for 

use as a bone implant. Contradictory results regarding the 
WE43 alloy were presented by Castellani et al. (2011) in 

their study, where rods based on WE43 alloy have been 

implanted into the cortical bone of rats and the results 

showed a higher mechanical stability and better 
osseointegration when compared to Ti based pins. Dziuba 

et al. (2013) tested the long-term biocompatibility and the 

degradation behaviour of a ZEK100 alloy and he 
observed that even if, initially, the material showed 

stability and a lower degradation rate, further testing 

revealed bone alterations after complete degradation due 
to an increase in the number of osteoclasts and a poor 

imbalance in the bone turn-over process. Even though the 

in vivo results were promising, those alloys contain in 

their composition Al which possesses neurotoxicity and, 
hence, the development of alloys with more 

biocompatible elements, such as Zn, Sr, Li, Mn, Ca is 

desirable. Mushahary et al. (2013) used different Mg 
alloying systems (Mg-5Zr; Mg-5Zr-Ca; Mg-2Zr-5Sr; 

Mg-Zr-2Sr) in order to evaluate the effects of the alloying 

elements on the in vivo compatibility of these materials. 

Their results indicated that the addition of Sr in the alloy 
increased the corrosion resistance and early bone 

formation, with the additional remark that 2 %wt Sr was 

detected as the optimal concentration for a good 
osseointegration process. Berglund et al. (2016) 

implanted a Mg-1.0wt%-0.5wt%Sr alloy into the rat tibia 
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with the purpose of assessing the local tissue response 
and the results showed a mild inflammatory response and 

new bone tissue formation after 6 weeks of implantation 

despite an early gas formation and increased osteoclasts 

activity.  Xia et al. (2018) developed ternary Mg-3.5Li-
0.5Ca alloys and assessed their in vivo performance. The 

results showed that the alloy enhanced the cortical bone 

thickness and promoted the new bone formation in 
comparison to the Ti alloy and pure Mg alloy, mainly due 

to the presence of Li ions released from the alloy. Chen et 

al. (2020) developed two different Mg alloying systems 
(Mg-2Sr-Ca and Mg-2Sr-Zn) in order to investigate their 

in vivo corrosion rates and biocompatibility. In terms of 

corrosion, the newly developed alloys exhibited a lower 

corrosion rate than that of Mg-2Sr alloy. Furthermore, 
both alloys could promote bone mineralization without 

causing any side effects. Lin et al. (2020) implanted into 

a rabbit’s femur a newly developed Mg-1Sc alloy in 
order to evaluate its behaviour and the results showed an 

enhanced osteogenic process compared to the Ti control, 

coupled with a low corrosion rate - the implant 

maintained its integrity even after 5 months. The use of 
REE as alloying elements is controversial from a medical 

point of view but elements such as Y, Nd, Gd can 

improve the strength, ductility and corrosion resistance of 
the material. Yu et al. (2018) assessed the in vivo 

corrosion behaviour and osteogenic potential of a novel 

Mg-Ag-Y alloy and observed that the corrosion rate of 
the alloying system was significantly lower and more 

bone tissue was formed around the implant in comparison 

to pure Mg, mostly due to the presence of the Y element. 

Also, using Y as an alloying element, Chou et al. (2019) 
evaluated the in vivo performance of a Mg-Y-Zn-Zr-Ca 

alloy and reported positive results regarding its 

biocompatibility but poor corrosion resistance due to the 
surrounding blood vessels and stress related corrosion 

that appeared at the osteotomy site of high mechanical 

loading. Bian et al. (2018) developed a novel Mg-1.8Zn-
0.2Gd alloy and evaluated its in vivo degradation. The 

results obtained revealed that the implant kept its 

integrity up to 2 months but at 6 months post-

implantation serious degradation could be observed. 
However, in terms of biocompatibility and 

osteoconductivity, the implant got integrated into the 

surrounding bone tissue after only 2 months, suggesting 
its good biocompatibility. Gu et al. (2018) investigated 

the corrosion and the biocompatibility of the newly 

developed Mg-5.25Zn-0.6Ca alloy for the purpose of 

orthopaedic applications. The in vivo results revealed a 
promising biocompatibility with an enhanced new bone 

formation due to an increase in the Mg ion concentration 

which in combination with the local increased pH, lead to 
an improved nucleation rate of apatite and mineralization. 

Despite this, the alloying system exhibited an increased 

in vivo corrosion compared with the in vitro degradation 
rates. This led to the conclusion that the corrosion rate 

was influenced mainly by the implantation regions and 

the surgical trauma generated by the drilling process that 

caused a reduction in the oxygen tension and local pH 
that resulted in a faster corrosion process. The 

degradation behaviour of different implantations sites has 

been approached by Willbold et al. (2011), which 

published a paper where the degradation rate of an AZ31 
alloy implanted in different regions (the head of the Mg-

based screw was covered by soft tissue while the screw 

thread was located in the hip bone) has been investigated. 
The results showed an increased degradation with a 

thicker layer of corrosion at the head of the screw 

compared to the rest of the screw, supporting the idea that 
different biological environments can cause different 

degradation behaviours. These findings were supported 

by another study conducted by Han et al. (2014), where a 

Mg-Zn alloy has been implanted in different parts of the 
femoral condyle and the in vivo degradation behaviours 

of these different environments were compared. Their 

findings suggested that the implant in vivo degradation 
process depends on the implantation site, especially in 

those areas that have distinct biological functions. Thus, 

the corrosion rate of the implant decreased in the 

following order: soft tissue, less trabecular bone, more 
trabecular bone and cortical bone.  

 

2. Surface coatings 
 

Other in vivo studies focused on the effectiveness of 

surface treatments such as coating deposition, which 
could improve the surface biocompatibility and corrosion 

resistance of the implant. For example, Wang et al. 

(2011) evaluated the degradation process and bone 

response of a Mg-Zn-Ca alloy coated with Ca-deficient-
hydroxyapatite (Ca-defHA) and the in vivo results 

showed that, after 8 weeks of implantation, the coated 

alloy exhibited a slower degradation rate than the 
uncoated alloy and the presence of new bone tissue 

around the implant, demonstrating its good 

osteoconductivity. Hiromoto et al. (2015) deposited HAp 

and OCP coatings on a commercial AZ31 alloy and the 
degradation process and biocompatibility of the coated 

materials was investigated. In terms of corrosion, on both 

materials the process was microscopically localized 
(visible round pits and micropits under the coatings) 

while, in terms of inflammation, the foreign-body 

reaction was supressed by both coatings with the soft 
tissue directly attached to the coatings, demonstrating the 

high potential of the coatings as biodegradable materials 

for bone implants. Yu et al. (2012) deposited a β-TCP 

coating on a Mg-6Zn alloy in order to evaluate its in vivo 
degradation behaviour and the results indicated that the 

coated alloy exhibited favourable biocompatibility and 

was capable of improving the concrescences of the pre-
broken bone tissue. Liu et al. (2020) deposited a newly 

obtained dopamine/gelatine/recombinant human bone 

morphogenetic protein-2 (rhBMP-2) coating on a porous 
β-TCP/Mg-Zn composite in order to investigate the 

biomaterial’s in vivo behaviour. The results showed an 

improved corrosion resistance coupled with a favourable 

biocompatibility and improved new bone formation. Li et 
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al. (2018) developed a bilayer-structured coating 
composed of an outer layer of HA and an inner layer of 

pores-sealed MgO for a pure Mg implant. The results 

indicated a long term stability and lower corrosion rate 

for the coated implant as well as an enhanced new bone 
formation. Makkar et al. (2020) investigated the in vivo 

behaviour of a strontium doped calcium phosphate (Ca-

Sr-P) coating deposited on a ZK60 Mg-based alloy and 
the results showed a lower degradation rate for the coated 

sample in comparison to the bare alloy. Furthermore, the 

newly developed coating led to an improved bone 

formation and osseointegration after 4 weeks of 
implantation. Similar results regarding Sr-coated Mg-

based alloys were reported by Han et al. (2016) and 

Wang et al. (2020). E.g., Han et al. (2016) deposited a Sr-
Ca-P coating on a Mg-Sr alloy and the results obtained 

suggested that the coated implant was capable of 

promoting new bone formation and retard the degradation 
process. On the other hand, Wang et al. (2020) developed 

a newly Sr-HPO4 coating for a Mg-Nd-Zn-Zr alloy and 

proved that the coating was capable to slow down the 

corrosion process of the implant and to improve the 
formation of new bone tissue as well as to enhance 

fracture healing without causing any side effects in the 

host. Neacsu et al. (2017) deposited a coating based on 
AC on a newly developed Mg-1Ca-0.2Mn-0.6Zr alloy 

and the results suggested that the coated alloy was more 

efficient in promoting bone regeneration in comparison to 
the bare alloy. Furthermore, the coated implant led to a 

mild to moderate fibrosis with less bone destruction, 

while the bare implant led to scar formation. Wang et al. 

(2019) prepared a montmorillonite/bovine serum albumin 
(MMT-BSA) coating on the AZ31 alloy and the in vivo 

results indicated that the coated implant was capable of 

maintaining its structural integrity within 120 days and 
no toxic side effects were observed. Sun et al. (2016) 

investigated the in vivo effects of a fluorine coated Mg 

alloy implanted into a rabbit mandibular and femur and 

the results suggested a lower degradation rate and an 
improved osteogenic activity as compared to the bare 

alloy. Moreover, the coating was capable of regulating 

the collagen type I and BMP-2 expression. Similar results 
were reported by Li et al. (2017). They investigated a 

MgF2-coated Mg-Zn-Zr alloy and showed an improved 

corrosion resistance coupled with an enhanced 
cytocompatibility, osteoinductivity and osteogenesis for 

the coated alloy in comparison to the bare one. Razavi et 

al. (2014) prepared a nanostructured akermanite 

(Ca2MgSi2O7) coating on the AZ91 alloy in order to 
investigate its in vivo behaviour. The coated alloy showed 

a lower post-surgery inflammatory response and an 

enhanced new bone formation compared to the bare 
alloy. Another study by Razavi et al. (2014) involved the 

preparation of a nanostructured diopside (CaMgSi2O6) 

coating on the AZ91 alloy by means of MAO and EDP. 
The results from the in vivo study suggested that the 

coated implant promoted new bone formation and 

reduced the formation of gas bubbles at the implantation 
site. 

 

Clinical applications of Mg-based 

biomaterials 

 

Mg-based biomaterials’ clinical applications do not differ 

very much from the historically attempts, with the 

research still focused on the two main fields of 

investigation associated with the development of Mg-
based biodegradable implants for orthopaedic and 

cardiovascular applications. However, the development 

of Mg-based implantable devices for cardiovascular 
applications has been more successful, with a vast 

number of both animal and human studies conducted on 

this subject. The first pioneering work in the field of 

biodegradable stents was conducted in 2003, were AZ31 
Mg alloy stents were implanted into the coronary artery 

of domestic pigs for 56 days and the results obtained 

showed the promising potential of Mg based biomaterials 
in cardiovascular applications (Heublein et al., 2003). 

Despite this, the degradation rate of the stents was less 

than desirable and the follow-up studies showed similar 
results (Waksman et al., 2006; Waksman et al., 2007). In 

order to solve this problem, the research focused on 

strategies such as surface coating, alloying and 

adjustment of the stent geometry, which allowed the 
control of the degradation rate. The very first 

commercially available stent was composed of 93 wt.% 

Mg and 7 wt.% REE (AMS-1, Biotronik AG, Bulach, 
Switzerland), and even though it exhibited a high 

degradation rate, the results obtained in the preclinical 

studies indicated a good endotheliazation (Campos et al., 
2013). Further on, Biotronik released on the market two 

improved metallic stents based on Mg alloys with slower 

degradation rates. AMS-2 (DREAMS-1-Drug Eluting 

AMS) stent was manufactured with additionally 
incorporated anti-proliferative drugs that targeted 

neointimal hyperplasia and restenosis, while the AMS-3 

stent (DREAMS-2) was a modification of DREAMS-1 
with a newly developed (PLLA) coating for a controlled 

release of the anti-proliferative drugs and a slower 

degradation rate (Bowen et al., 2016). The very first in 

man study (BIOSOLVE-I trial) was conducted on 46 
patients with different lesions and its purpose was to 

evaluate the performance and safety of a first-generation 

of drug-eluting Mg-based bioresorbable scaffolds (BRS) 
(Campos et al. 2013). Over the last years, several Mg 

alloys such as AE21 (2 wt.% Al and 1 wt.% REE) 

(Heublein et al., 2003), WE43 (4 wt.% Y) and 3 wt.% 
REE) (Peeters et al., 2005; Waksman et al., 2006), AM60 

(6 wt.% Al and 0.3 wt.% Mn) (Levesque et al., 2003), 

have been evaluated for cardiovascular applications. 

Additionally, human clinical trials reported good results 
after Mg-based stent implantation. In a clinical study, a 

Mg alloy stent was used with success in an attempt to 

ligate a left pulmonary artery in a premature baby 
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(Zartner et al., 2005). Follow-up clinical studies have 
reported the use of Mg-based stents in both babies and 

adults with good results and a complete degradation of 

the stents in the following 4 months after the implantation 

(Schranz et al., 2006; Barlis et al., 2007; Erbel et al., 
2007; Waksman et al., 2009; Schmidt et al., 2016). In 

terms of orthopaedic applications, the development of 

Mg-based implantable devices is further behind, with 
very few Mg-based materials being investigated as 

clinically relevant implants. Current studies reported the 

use of Mg based biomaterials for different types of 
implantable fixation devices such as plates, screws, pins 

and fasteners (Witte et al., 2005; Staiger et al., 2006; 

Witte et al., 2007; Zhang et al., 2007). The first Mg screw 

(Magnezix®) approved by the FDA was manufactured 
for the fixation of bone fragments (Seitz et al., 2016; 

Ibrahim et al., 2017) and since its introduction to the 

market, more than 4000 screws were sold around the 
world. Compared to the already commercially available 

Ti, the newly developed Mg screw was free of Al 

(Ibrahim et al., 2017) and possessed favourable 

mechanical properties such as a similar elastic modulus 
to natural bone and improved yielding and tensile 

strengths. In terms of animal studies, different Mg-based 
implants have been used in both small and large animal 

models (Gu et al., 2012; Chaya et al., 2015; Zhao et al., 

2017; Wang et al., 2017; Tian et al., 2018; Wang et al., 

2018). However, the studies were mostly rudimentary, 
lacking the evaluation of the implant in a functional 

sense. They did not simulate clinical scenarios or validate 

potential clinical applications of the Mg-based implants 
(Wancket L.M., 2015). Table 5 summarises the 

representative animal studies performed so far in regards 

of the bio-efficiency and biosafety of the Mg-based 
implants. In terms of human pre-clinical studies, 

Windhagen et al. (2013) studied the differences between 

Magnezix® and Ti screws in 26 patients in terms of 

biological effect and comfort during a 6 month-period of 
time. No significant differences were observed between 

the two testes samples, with only 1 patient showcasing a 

poor biological reaction due to a long-lasting wound 
problem. However, despite the great progress made in the 

field of Mg-based implantable devices, a significant 

effort still has to be made in order to obtain a product that 

proves effective from all points of view.  

 

 

Table 5. Animal studies on Mg-based biomaterials as potential orthopaedic implants 
 

Mg alloy Device Surgery Species Results 
Clinical 

relevance 
Reference 

Mg-Sr Screw 

Implantation 

into the 

femoral cavity 

Guinea 

pig 

Enhanced new bone 

formation 

Evaluation of the 

bone response Witte et al., 2005 

Mg alloy 

AZ91 
Pin 

Implantation 

into the 

femoral shaft 
Rabbit 

Enhanced new bone 

formation coupled with 

no inflammatory 

process 

Evaluation of the 

bone response 
Wong et al., 2010 

Mg-Zn Pin Cortical bone Rat 

Enhanced 

osteoconductive 

properties 

Evaluation of the 

bone response Kraus et al., 2012 

Mg-Y Scaffold 

Implantation 

into the 
femoral 

condyle 

Rabbit 

No FBR or gas 

formation 

Potential 

treatment for the 
repair of bone 

defects 

Bobe et al., 2013 

Mg-Zn-Ca Screw 

Implantation 

into the 

femoral 

condyle 

Rabbit 

Reduced gas 

production and 

favourable 

biocompatibility 

 

Evaluation of the 

bone response 
Cha et al., 2013 

Pure Mg 
Screw and 

plate 
Ulna fractures Rabbit 

Enhanced bone 

formation around the 

implantation situ 

Treatment for 

bone fractures in 

weight bearing 

sites 

Chaya et al., 2015 

Pure Mg Screw 

Femoral 

intracondylar 

fractures 
Rabbit 

Improved healing 

process of the fracture 

Treatment for 

intra-articular 

fracture 
Han et al., 2015 

Mg alloy 

LAE442 

Intermedullary 
interlocked 

screw/nail 

Implantation 

into the bone 

marrow 

medullary 

cavity 

Sheep 
Favourable 

biocompatibility 

Evaluation of the 
in situ 

biocompatibility 

 

Rossing et al., 

2015 
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Mg-Ag 
Intramedullary 

pin 

 

Femoral 

fractures 
Mouse 

Abundant callus 

formation around the 

fracture 

Treatment for 

bone fractures in 

weight bearing 

sites 

 

Jahn et al., 2016 

Pure Mg 
Intramedullary 

pin 

 

Femoral 

fractures 
Rat 

 

Improved bone healing 

Treatment for 

fracture healing 

in heavy weight-

bearing sites 

Zhang et al., 2016 

Pure Mg 

 

Interference 

screw 

Anterior 

cruciate 

ligament 

(ACL) 

reconstruction 

Rabbit 

Enhanced 

mineralization between 

the bone and tendon 

leading to an improved 

tendon graft healing 

Treatment for 

patients with 

ACL tears 

  

Wang et al., 2017 

Mg-Zn-Ca Pin and screw 

Implantation 

into the bone 

shaft 

Rat and 

sheep 

 

No side effects 

Treatment for 

bone defects in 

children 

Grun et al., 2018 

Mg-Zn-Sr 

 

Interference 
screw 

ACL 
reconstruction 

Rabbit 

Enhanced bone 

ingrowth and reduced 
loss of the peri-tunnel 

bone tissue 

Treatment for 

patients with 
ACL 

reconstruction 

 
Wang et al., 2018 

 

 

 

Conclusions  

 

This present study provides a review of the specialized 
literature on the biodegradable Mg-based biomaterials 

and the progress that has been made in the last decades in 

the field of bone regenerative medicine in terms of 

strategies to improve the performance of these 
biomaterials as well as the most recent in vitro, in vivo 

and clinical studies. In the last decades, the shift from 

commercial alloys for engineering applications to Mg-
based biomaterials for biological applications has been 

made. The newly developed Mg-based biomaterials 

should provide low/no toxicity levels, appropriate 

mechanical properties, good biocompatibility and a 
suitable degradation rate. In order to achieve these 

characteristics, alloying and surface modification, 

especially coating deposition, have been used. Up to now, 
a large body of in vitro and in vivo studies using Mg and 

its alloys have been conducted, and their results revealed 

the feasibility of Mg as a promising candidate for bone 
implants. However, further investigations, including 

clinical studies, are needed to support the future 

biomedical application of Mg-based biomaterials as bone 

implants.  
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