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Abstract

The search for biodegradable metals with mechanical properties equal or higher to those of 

currently used permanent biomaterials, such as stainless steels, cobalt chromium and titanium 

alloys, desirable in vivo degradation rate and uniform corrosion is still an open challenge. 

Magnesium (Mg), iron (Fe) and zinc (Zn)-based alloys have been proposed as biodegradable 

metals for medical applications. Over the last two decades, extensive research has been done on 

Mg and Fe. Fe-based alloys show appropriate mechanical properties, but their degradation rate is 

an order of magnitude below the benchmark value. In comparison, alongside the insufficient 

mechanical performance of most of its alloys, Mg degradation rate has proven to be too high in a 

physiological environment and corrosion is rarely uniform. During the last few years, Zn alloys 

have been explored by the biomedical community as potential materials for bioabsorbable vascular 

stents due to their tolerable corrosion rates and tunable mechanical properties. This review 

summarizes recent progress made in developing Zn alloys for vascular stenting application. Novel 

Zn alloys are discussed regarding their microstructural characteristics, mechanical properties, 

corrosion behavior and in vivo performance.
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1. Introduction

Bioabsorbable metals are perceived as revolutionary biomedical materials and have been 

widely researched for both vascular and orthopedic applications over the last two decades. 

The concept of an absorbable stent is to keep the occluded arteries open during the 

remodeling period and degrade harmlessly afterward, when its mechanical scaffolding 
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support is no longer needed. As illustrated in Fig. 1a, a mesh tube stent, in its crimped state, 

is guided to an occluded artery using a balloon-tipped catheter. Once in place, the balloon is 

inflated to expand the stent diameter and push the plaque, opening the artery and restoring 

blood flow rate. The balloon is then deflated and removed while the stent remains in place 

and holds the artery open. Afterward, the arterial wall heals and remodels around the stent.

The stent material and its corrosion product must be non-toxic and compatible to the 

vascular environment. Hermawan et al. [1] described an ideal biodegradable stent as a device 

which should be able to compromise its mechanical integrity and be consumed by the host 

after its required service time, as per the qualitative trendline sketched in Fig. 1b. The 

authors argued that a slow corrosion, if any, is required in the first several weeks to preserve 

the optimal mechanical integrity of the stent. Then corrosion should progress with a similar 

rate as arterial vessel remodeling to allow for the healing process to complete. Afterward, 

the stent is supposed to disappear and leave behind a natural functioning artery. Previous 

studies reported that an ideal period of 6–12 months is expected for the remodeling of artery 

vessels [2,3].

The use of bioabsorbable stents drastically reduces, if not annihilates, some potentially long-

term clinical problems related to permanent stents such as chronic inflammation, late stent 

thrombosis, in-stent restenosis and stent strut fracture. Additionally, in infants and children, 

once the stent disappears, the vessel is able to naturally grow until adulthood, eliminating the 

need for future surgery or stent balloon dilatation [4–6]. Thus, it is of great importance to 

develop a new generation of vascular stents which can degrade gradually enough to maintain 

their mechanical integrity during the period of arterial wall remodeling, and being 

completely and safely absorbed thereafter.

A degradable vascular stent material must fulfill the following clinical requirements [7,8]:

- Degrade at a rate of less than 0.02 mm/year,

- Have mechanical integrity for 3–6 months,

- Being bioabsorbed completely within 12–24 months, and

- Retain biocompatibility throughout implantation and degradation process 

(material must be non-toxic, non-inflammatory and should not generate harmful 

degradation products).

Additionally, the material must meet mechanical benchmark values as follows [7,9–11]:

- Young’s modulus should be as high as possible to prevent acute stent recoil after 

balloon deflation. The allowable elastic recoil of a stent on expansion should be 

below 4%;

- Yield strength to elastic modulus ratio, which provides an alternative criterion of 

expected recoil upon deflation of the balloon, should be in the range of 0.16–

0.32;
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- Reasonably low yield strength (YS) (200–300 MPa) is preferred to allow 

crimping of the stent onto a balloon tipped catheter and expansion of the stent at 

low balloon pressures during deployment in the intended location;

- High ultimate tensile strength (UTS) to increase stent radial strength and allow 

the design of thinner struts, thus improving flexibility and access to narrower 

vessels (> 300 MPa);

- A large work hardening rate, which leads to a favorable increase in strength 

during stent expansion and improves the fatigue life (expected at least 10 million 

cycles before complete dissolution);

- Adequate ductility to sustain deformation during expansion without cracking (at 

least 20% fracture elongation but some applications require this value to exceed 

30%).

The aforementioned combination of mechanical properties in the same material is 

challenging, especially for zinc alloys. For instance, although, in most cases, higher UTS is 

associated with an increase in YS, it concurrently leads to a drop in ductility [12].

Over the last two decades, polymeric and metallic materials have been rigorously studied as 

candidates for degradable vascular stents. Polymeric stents, despite their predictable 

degradation products, identical degradation mechanisms in vitro and in vivo and acceptable 

biocompatibility, require a greater strut thickness than most metal stents due to their low 

radial strength [13,14]. Polymeric stents with thicker struts thus require larger catheters for 

delivery, which makes their use challenging in pediatric interventions. Polymers also exhibit 

poor visibility characteristics, thereby leading to lack of radiopacity for in vivo imaging [15]. 

Moreover, the inability to attain an acceptable permanent expansion along with susceptibility 

to restenosis are further concerns when using polymeric stents [7,16].

Metallic materials, especially those containing elements which are supplied in consistent 

quantities to boost human body metabolism, seem to be promising candidates for stent 

application owing to their easy translation to the clinical environment [17]. With enhanced 

mechanical strength and deformability such metals provide a platform for a variety of stent 

designs with a broad range of expandable diameters. To date, in the field of degradable 

metals, numerous studies on magnesium (Mg) and iron (Fe)-based alloys have been reported 

summarizing efforts on tailoring mechanical characteristics and corrosion behavior to 

address the requirements of bioabsorbable stent applications [1,7,12,17–20].

Mg has received a lot of attention as an attractive metallic material for stenting due to its 

excellent biocompatibility and low thrombogenicity [5]. Its recommended intake for adults 

lies between 240 and 400 mg/day [12,21,22], and Mg is not a source of concern for stenting 

application from toxicity point of view. However, its rapid degradation in physiological 

environments leads to early undermining of the stent’s mechanical integrity [21]. During the 

past several years, much research has been done to tailor the properties of Mg through 

alloying, advanced processing and surface modification techniques [19,23–26]. Research 

efforts have successfully resulted in the first clinically-proven resorbable Mg stent exhibiting 

nearly 95 % resorption within 12 months [27]. However, further improvements are still 
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needed to fully meet all the expected requirements identified for an ideal Mg-based stent 

material [7,17].

Fe is an essential trace element for the human body with a recommended intake of between 

8 and 18 mg/day for adults [28]. In 2001, for the first time a study was carried out by Peuster 

et al. [29] on Fe as a potential bioabsorbable stent material. An Fe stent was implanted in the 

descending aorta of New Zealand white rabbits. The authors found no long-term restenosis 

and inflammatory response in blood vessels, which are common problems for permanent 

stents. Another study conducted by Waskman et al. [30] revealed no excessive formation of 

neointima. Fe and its alloys possess high radial strength, allowing the use of stents with 

substantially thinner struts and thereby reducing the restenosis rate. Moreover, their high 

ductility facilitates stent delivery through catheter-based systems. On the other hand, there 

are two main concerns regarding the use of Fe as a degradable stent material. First, it cannot 

be fully degraded over its expected service period of up to two years, leaving a large portion 

of the stent intact even one year after implantation [31]. More importantly, upon degradation 

it produces a relatively large volume of iron oxide products which might not be safely 

metabolized in the body [20]. Despite several attempts made over nearly two decades to 

accelerate the degradation of Fe through alloying with essential elements and/or low content 

of toxic elements, novel thermal treatments, processing and manufacturing routes including 

powder metallurgy and advanced forming techniques, further efforts are still required before 

Fe-based stents can progress to clinical trials [32,33].

In recent years, research has shifted towards Zn-based biodegradable materials due to 

promising biodegradability and adaptability to tissue regeneration. Zinc has a standard 

corrosion potential of −0.76V, which is intermediate between Fe (−0.44V) and Mg (−2.37V). 

Zn is an essential element in human nutrition and is the second most abundant transition 

metal element in the human body, playing a crucial role in cell proliferation as well as in the 

immune and nervous systems [34,35]. Moreover, Zn serves as a cofactor in all six classes of 

enzymes, as well as in several classes of regulatory proteins [34,36]. The recommended 

daily value of Zn starts from 2–3 mg/day for infants up to 8–11 mg/day for adults [28,34]. 

Zn also supports normal growth, wound healing and a proper sense of taste and smell [37]. 

Despite a lower toxicity limit for Zn (100–150 mg/day) than for Mg (375–500 mg/day), the 

toxicity threshold for Zn as a stent material is not a limitation because of the remarkably 

small volume of a stent (weight of about 50 mg to be dissolved in a target period of 12 

months) [8,12]. Moreover, alongside its good biocompatibility in blood vessels and the 

appropriate degradation rate, Zn has a low melting point (420°C) and low reactivity in the 

molten state (unlike Mg), permitting melting and hot processing in air [38].

In 2013, a landmark report was published by Bowen et al. [8], who introduced Zn as an 

outstanding candidate for stent application. Pure Zn wires were implanted into the 

abdominal aorta of adult male Sprague-Dawley rats for up to 6 months. It was found that in 

the first 3 months Zn exhibited a uniform corrosion mode, while after 4.5 and 6 months in 
vivo, relatively severe and localized corrosion was observed. In more recent studies, it was 

reported that zinc wires implanted in the murine artery exhibit relatively steady corrosion, 

with a penetration rate of 0.25 ± 0.10 mm/y, without local toxicity for up to at least 20 
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months post-implantation [39] (Fig.2). This steady corrosion, if confirmed with additional in 

vivo studies, could simplify stent design in terms of their lifetime and corrosion progression.

This report reviews the most recent Zn-based alloys developed for medical applications, with 

the main focus being on alloy design/development, mechanical properties, corrosion 

behavior and in vivo assessments in a vascular environment. It complements the content of 

the first review on Zn-based biomaterials published in 2016 [7], offering analysis of novel 

alloys developed mainly in the last 2–3 years. At the time of preparation of the first review, 

research activities with Zn-based biomaterials were practically limited to 2–3 laboratories. 

The increased number of scientific reports on Zn implant materials since 2015 implies that 

this class of materials has become a point of investigation in various research laboratories 

across the world, working on biodegradable metals for medical applications. Although this 

review covers only vascular scaffolding applications, uses for Zn implants have also recently 

been explored in orthopedic, wound closure and drug-delivery applications, but these new 

applications are not covered in this review. Recent research also includes advances made in 

surface finish of zinc implants [40,41], but this topic is also not covered in this review.

2. Zinc alloy candidates for stenting applications

It is essential that an ideal biodegradable stent material has an appropriate degradation and 

in-service mechanical performance as well as an excellent biocompatibility. Despite 

fulfilling the degradation and biocompatibility requirements, the major concern of using 

pure Zn for stent manufacturing is its poor mechanical strength. The ultimate tensile strength 

(UTS) of Zn is only about 20 MPa and 120 MPa in cast and wrought conditions, respectively 

[42,43]. These values are far below the benchmark value required for a vascular stent 

material (UTS of about 300 MPa). Fortunately, compared to Mg, the intrinsic lower 

corrosion rate of Zn provides more freedom for metallurgical manipulation through alloying 

with a wide range of non-toxic elements that can be added in a wide range of quantities. In 

addition to alloying, grain refinement induced by thermomechanical treatments can further 

improve the mechanical characteristics of cast Zn alloys [43–45]. Existing Zn alloys, which 

are most commonly used in die casting, contain large amounts of A1, which is considered as 

a potentially toxic element by the FDA [46], (e.g. ZA8, ZA12 and ZA27 with 8–27 wt% 

aluminum, 1–3 wt% copper), and are therefore not considered at present for bio-

applications. Therefore, knowledge-based designs of new Zn alloys have been initiated a few 

years ago, and both the effects of alloying elements and fabrication history on the 

degradation behavior and biocompatibility of Zn alloys are under extensive investigations. 

Apart from the mechanical point of view, when designing a Zn alloy for vascular stents, 

tailoring the degradation and maintaining, or even improving, the biocompatibility of the 

alloy are important factors to be considered. Hence, understanding the corrosion mechanism 

and its effect on the biocompatibility of Zn alloys is a precondition for the development of 

biodegradable Zn stent alloys.

Only a limited number of Zn alloy systems have been investigated as potential biodegradable 

materials thus far [43,44,47–55]. Since Mg, Ca, Sr and Mn are reported as essential elements 

for the human body [56,57], they should be the first choice as alloying elements for 

biomedical Zn alloys. Elements with potential toxicological problems must preferably be 
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avoided in the initial design stage for biodegradable alloys or used at a concentration that is 

acceptable to the host body. The degradation products of the alloys should also be non-toxic 

and readily absorbable by the surrounding tissues. The following is a brief review of Zn 

alloys, which were formulated and characterized.

2.1. Zn-based alloy systems for biomedical applications

2.1.1. Zn-Mg alloy system

2.1.1.1. Microstructure and mechanical properties: As a well-explored biocompatible 

metal, Mg is an evident choice of alloying element for Zn. Zn-Mg binary alloys are expected 

to have superior mechanical properties while maintaining high biosafety. According to the 

Zn-Mg phase diagram shown in Fig. 3, the maximum solubility of Mg in Zn is about 0.1 wt. 

% at 364°C.

Mostaed et al. [43] formulated a series of Zn-Mg binary alloys with Mg contents ranging 

from 0.15 to 3.0 wt.%. As depicted in Fig. 4a to 4c, they revealed that below the eutectic 

composition (3.0 wt.% Mg) the microstructure of the alloys consisted of primary α-Zn 

dendritic grains along with a Zn + Mg2Zn11 eutectic, mainly located at grain boundaries. 

Increasing the Mg content led to an increase in the volume fraction of the eutectic mixture 

and a decrease in the grain size of the alloys. Eventually, a fully eutectic structure with fine 

alternate lamellae of Zn and Mg2Zn11 (Fig. 4d) was obtained in the Zn–3.0Mg alloy.

Similarly, Vojtech et al. [42] investigated the mechanical properties of as-cast Zn-Mg alloys, 

but for orthopedic applications. They found that adding 1wt.% Mg markedly improves the 

mechanical strength of Zn, from 20 MPa to about 190 MPa through the formation of a Zn

+Mg2Zn11 eutectic mixture, while the elongation-to-failure value decreased below 2%. 

These properties are not sufficient for many load-bearing applications in biodegradable 

devices. Similar mechanical properties of as-cast Zn-1.2 wt.% Mg with YS, UTS and 

fracture elongation of 117 MPa, 130 MPa and 1.4%, respectively, were also reported by 

Shen et al. [45]. Mg content of ~ 1wt.% and above gives rise to an increase in the volume 

fraction of the brittle eutectic and, therefore, deterioration in alloy ductility and fracture 

toughness. Hence, for vascular stents, properties of Zn-Mg alloys must be improved through 

either addition of other alloying elements or applying post-treatments.

The addition of nutrient elements like calcium (Ca), strontium (Sr) and other essential trace 

elements such as manganese (Mn) have recently been investigated as minor additions in 

some Zn alloys [51,54,58]. Liu et al. [54] reported that the addition of 0.1wt.% Sr and Ca to 

Zn-1.5Mg alloy improves tensile strength from 151 MPa to 209 MPa and 241 MPa, 

respectively, but fracture elongation was still below 2%.

Ductility limitations of cast structures can substantially be removed by post-solidification 

thermomechanical treatments. Li et al. [51] showed significantly improved tensile strength 

and ductility of Zn-1.0Mg alloy from 130 MPa and 1% to 298 MPa and 26%, respectively, 

through a combination of micro alloying with Mn (0.1 wt.%) and hot rolling. Mostaed et.al 

[43] demonstrated that hot extrusion of Zn-Mg alloys produces a fine equiaxed grain 

structure made by a mixture of Zn and Mg2Zn11 particles, which were distributed along the 

extrusion direction in a non-uniform manner (Fig. 5). It was also found that hot extrusion 
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could not successfully break the Mg2Zn11 phase, giving a rather wide range of particle sizes 

(1–20 µm). They showed that an increase in the Mg content up to 0.5 wt.% leads to both 

grain refinement and increased volume fraction of the hard Mg2Zn11 intermetallic phase, 

improving the combination of mechanical properties. It was also reported that the Zn-0.5Mg 

alloy could achieve the best compromise for stent application (UTS = 297 MPa and fracture 

elongation of 13%).

However, in any Zn-Mg alloy containing coarse Mg2Zn11 particles, micro-cracks can be 

initiated at the Zn/Mg2Zn11 interface when the alloy undergoes subsequent cold work 

processing due to the large mechanical mismatch between soft Zn matrix and brittle 

Mg2Zn11 particles As cold working advances, the micro-cracks coalesce, which may result 

in premature failure. Fig. 6 shows the microstructure of a Zn-0.5Mg wire with internal 

cracks produced after 60% of cold work.

Two research groups have recently reported unusual behavior in Zn-Mg micro-alloys. Jin et 

al. [59] successfully drew Zn-0.002Mg, Zn-0.05Mg and Zn-0.08Mg alloy rods from an 

initial diameter of 10 mm to 0.25 mm (~ 99.9% of deformation) at room temperature. 

Although the tensile properties of the drawn wires in the same day of drawing were in the 

order of values reported by other studies [43,45,48,51,54,58], interestingly, after only one 

day the YS and UTS remarkably increased from 250 MPa and 266 MPa to 449 MPa and 483 

MPa, respectively. Similarly, Zn-0.02Mg alloy was cold drawn up to a cumulative strain of 

97% in another study carried out by Wang et al. [60]. As seen in Fig. 7, the researchers 

found that the extensive amount of cold work leads to the formation of significantly refined 

equiaxed grain structure separated by high angle grain boundaries (highlighted by black 

color) with an average grain size of about 1µm. This implies the occurrence of dynamic 

recrystallization in the mentioned alloy at room temperature. In their work, striking 

improvement of tensile strength from 167 MPa to 455 MPa (~ 170%) was reported. 

Unfortunately the storing time (the time between drawing and tensile testing) was not 

mentioned.

Based on the findings of Jin et al. [59] and Wang et al. [60] for Zn-Mg micro-alloys, it can 

be concluded that while an alloying element is in the solute form (solid solution Zn alloy) - 

similar to pure Zn with a very low recrystallization temperature of 10°C [61] - the Zn alloy 

could be recrystallized at room temperature, which allows an extensive amount of cold 

deformation without any failure. This results in a markedly refined microstructure with high 

density of grain boundaries, which are considered a high speed diffusion path for elements 

[61], accelerating the diffusion of solute atoms and thereby, precipitation of secondary 

phases at room temperature. Although Wang et al. [60] declared that the tensile strength 

enhancement was due to the grain refinement (25 µm vs 1 µm, for as-extruded and cold 

drawn wires, respectively), findings by Jin et al. [59] suggest that the main strengthening 

mechanism in Zn-Mg microalloys is room temperature shelf aging at which extremely fine 

Mg2Zn11 particles precipitate at grain boundaries. Therefore, solid solution Zn-Mg binary 

alloys are strongly dependent on room temperature age hardening, resulting in mechanical 

properties instability. Age hardening of Zn-Mg alloys is a poorly understood phenomenon 

and requires intensive investigation. It should also be noted that such instability has not yet 
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been reported for other Zn-based alloys and thus, it is of paramount importance to be 

addressed in the future.

2.1.1.2. Corrosion and bioresorption: Several researchers investigated the corrosion 

behavior of Zn-Mg binary alloys for biodegradable implant applications [42,43,45,62]. Gong 

et al. [62] studied the corrosion behavior of Zn-1Mg alloys in as cast and extruded 

conditions. In their work, hot extrusion was found to be beneficial in hindering non-uniform 

micro-galvanic corrosion of Zn-Mg alloys. The extrusion process resulted in general 

homogenization of the chemical composition and distribution of constituents by grain 

refinement and recrystallization. Large precipitates were broken down into finer particles 

and uniformly spread throughout the metallic matrix. This finding is consistent with the 

corrosion mechanism for as-cast and extruded Zn-xMg binary alloys (X=0.5, 1, 3%) 

proposed by Mostaed et al. [43].

The formation of magnesium hydroxyl carbonate was reported for Mg containing Zn alloys:

2Mg2 + + 2OH− + CO2
2 − Mg2(OH)2CO3 (12)

Moreover, it was suggested that Mg may improve the corrosion resistance of Zn-based 

alloys by the formation of electrochemically inert compounds such as Mg2(OH)2CO3 on the 

surface of investigated specimens. A Mg-containing form of simonkolleite has been reported 

to act as a corrosion barrier [63].

Corrosion rates calculated for Zn-Mg alloys differed from each other. Hot rolled Zn-1Mg 

alloy exhibited a corrosion rate of about 0.085 mm/year [48]. This is very close to the value 

calculated by Jablonská et al. (0.0134 mg·cm−2·day−1 which corresponds to 0.071 mm·year
−1) [64]. Gong et al. [62] reported corrosion rates of 0.12 mm·year−1 for extruded Zn-1Mg. 

The reason for this higher corrosion rate compared with the other results could be related to 

the high amount of eutectic constituent found in the microstructure of their alloy, causing 

severe dissolution of the alloy’s matrix [62]. The corrosion rates of various Zn-Mg alloys 

and their testing conditions are summarized in Table 1. The listed data reveals that corrosion 

rates estimated by weight changes and by electrochemistry can be significantly different.

Liu et al. [51,54] proposed ternary alloys with Mg content up to 1.5 wt.% alloyed with 0.5 

wt.% Mn, Ca or Sr. The measured corrosion rates of these ternary alloys were slightly higher 

(Table 1) due to galvanic interaction between various phases formed during processing of 

these materials, including Mg2Zn11 and CaZn13 for Zn–1.5Mg–0.1Ca alloy, Mg2Zn11, and 

SrZn13 for Zn–1.5Mg–0.1Sr..

Wang et al. [65] performed corrosion tests on Zn-Mg-Fe drawn and rolled mini-tubes. The 

drawn Zn alloy mini-tubes exhibited a rapid increase in weight loss during the first few days 

but corrosion rate stabilized after that. Furthermore, from the beginning to the end of the 

48th day of the immersion tests, weight loss for Zn drawn mini-tubes was observed to be 

higher than for their rolled counterpart, which was attributed to micro-defects introduced on 

the drawn tube surfaces.
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2.1.2. Zn-Ca/Sr alloy systems

2.1.2.1. Microstructure and mechanical properties: Ca and Sr are well-known essential 

nutrient elements, constituting major components of bone tissue. Ca reaches a level of 

0.919–0.993 mg.L−1 in normal blood serum. The recommended Ca dietary allowance for 

adults is approximately 1g per day [66]. It is the most abundant mineral in the body, existing 

primarily in the skeleton where it serves as a body frame and as a reserve when dietary 

calcium is not sufficient. Sr is known as an osteopromotive element which can activate 

osteoblastic cell replication and decrease bone resorption while stimulating bone formation 

[67,68]. The distribution of Sr is similar to Ca. The human body contains about 320 mg 

strontium, approximately 99% of which is stored in the skeleton, preferably in new 

trabecular bone as a Ca substitute in hydroxyapatite [67]. Hence, Ca and Sr are attractive 

alloying elements for an orthopedic biodegradable implant material [69].

As per phase diagram in Fig. 8, Ca and Sr have no solubility in Zn and even in dilute Zn 

alloy systems they react with Zn, leading to the formation of CaZn13 and SrZn13 

intermetallic compounds. Ca and Sr are alkali metals belonging to the second group in the 

periodic table. As of today, the only report on Zn-Ca and Zn-Sr alloy systems has been 

published by Li et al. [48] who developed Zn-1.0Ca and Zn-1.0Sr alloys to use as potential 

biodegradable materials within bone. Unfortunately, since the microstructures of these alloys 

have not been indicated in that report, information regarding the grain size, secondary phase 

size/morphology and distribution are not available. They further employed two hot working 

routes (rolling and extrusion) to improve the mechanical performance of the investigated 

alloys. It was found that hot worked Zn-1.0Ca and Zn-1.0Sr alloys exhibit nearly similar 

tensile strength (between 230–260 MPa), while the higher fracture elongation was always 

obtained for Zn-1.0Sr alloys (11% and 20% for extruded and rolled samples, respectively). 

However, compared to the benchmark values described in the previous section, such 

mechanical properties are still not sufficient to provide scaffolding support to the arterial 

wall during the remodeling period.

2.1.2.2. Corrosion and bioresorption: Li et al. [48] investigated the effect of Ca and Sr 

addition on the corrosion behavior of Zn-1.0Ca and Zn-1.0Sr alloys. They indicated that the 

corrosion rates measured by weight loss test using Hanks׳ modified solution slightly 

increased from 0.08 to 0.09 and 0.95 mm/year for Zn to Zn-1.0Ca and Zn-1.0Sr, 

respectively. They also reported a similar increasing trend of corrosion rate measured by 

potentiodynamic polarization test. Another study conducted by the same group revealed that 

concurrent addition of Ca and Sr could further enhance the corrosion rate from 0.09 to 0.11 

mm/year for Zn-1.0Ca and Zn-1.0Ca-1.0Sr, respectively [55]. However, no information 

about the corrosion mechanism and corrosion morphology/products was reported.

2.1.3. Zn-Al alloy system

2.1.3.1. Microstructure and Mechanical properties: Al is recognized as a neurotoxin 

which causes cognitive deficiency. The link between Al and increased risk of developing 

Alzheimer’s disease has been the subject of scientific debate for several decades. It was 

reported that the human body receives Al at a daily level of 1–10 mg from natural sources 

[70]. Kawahara suggested that for an average person, the recommended daily intake of Al is 
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about 10 mg [71]. Therefore, as reported by Bowen et al. [49], considering a potential Zn-Al 

alloy stent weighting about 50 mg and assuming that its complete degradation requires 12 

months, the absorbed daily dose of Al would be far below the recommended value for 

humans (e.g. 0.006 mg for a 5 wt.% Al-containing Zn alloy).

As mentioned in Introduction, Al is the most commonly used alloying element in current Zn 

alloys available on the market. Zn-Al alloys are also the most documented Zn alloys in 

literature and they are designed for inexpensive structural and decorative parts in 

automotive, electronics and household sectors [72]. Copper and magnesium elements are 

added into Zn-Al alloys as well, to further improve mechanical and corrosion performances 

[73].

As seen in Fig. 9, at 5 wt.% Al and 381°C, Zn-Al alloy undergoes an eutectic transformation 

forming β-Zn (hexagonal close packed crystal) solid solution with a maximum solubility of 

1.2 wt.% Al along with αʹ-Al rich (cubic face centered crystal) solid solution. As the 

cooling advances, at 277°C and 22 wt.% Al, the αʹ phase experiences a monotectoid 

transformation through which a lamellar constituent consisting of α-phase with lower Zn 

content, and β-phase solid solution forms.

The properties of low Al-bearing extruded Zn alloys containing 0.5 and 1wt.% Al have been 

investigated by Mostaed et al. [43] and compared to their Mg-bearing alloy counterparts. 

Fig. 10a shows the microstructure of Zn-1.0Al alloy in as-cast condition, consisting of β-Zn 

dendrites accompanied by the interdendritic α+β constituents. They demonstrated that by 

solution heat treatment, the α+β mixture could be dissolved in the β-Zn matrix, forming a 

supersaturated β-Zn solid solution. Fig. 10b shows the microstructure of the Zn-1.0Al alloy 

after solution treatment and hot extrusion at 250°C. As seen, an equiaxial grain structure 

confirms the occurrence of significant grain refinement even after hot extrusion. Unlike the 

Zn-Mg alloys investigated in the same report, no second phase particles were found (Fig. 

10b vs Fig. 5), which is consistent with the higher Al solubility in β-Zn. They also found 

that Al has a smaller effect on mechanical properties than Mg, since the formed single-phase 

structure is more prone to grain coarsening.

Bowen et al. [49] reported recently the properties of several wrought Zn-xAl alloys (x=1–5 

wt.%) for stent applications. They indicated a UTS value of 245 MPa, slightly higher than 

that reported by Mostaed et al. [43] (223 MPa) for Zn-1.0Al alloy, while having an identical 

elongation to failure (~25%). Furthermore, they reported even higher UTS (308 MPa) and 

fracture elongation values (31 %) for Zn-5.0Al and Zn-3.0Al, respectively.

As noted before, as an alloying element in a tiny stent with a relatively long degradation 

time, Al will likely not cause any hazardous effects. Mechanical properties of Zn-Al alloys 

might be further improved through addition of alternative nutrient elements such as Mg, Ca 

and Sr into Zn-Al alloys having low Al content. Fig. 11 depicts the microstructure of air 

cooled cast Zn-1.0Al-1.0Mg alloy. The Zn + Mg2Zn11 eutectic and β (Zn) + (α) Al 

monotectoid constituents are indicated by white and red arrows, respectively. Due to the 

higher solubility of Al in Zn, the volume fraction of the β + α microconstituent is 

remarkably lower than the lamellar Zn + Mg2Zn11 eutectic mixture. Bakhsheshi-Rad et al. 
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[52] reported an increase in YS of cast Zn-0.5Al alloy from 79 MPa to 102 MPa with an 

addition of 0.5 wt.% Mg.

2.1.3.2. Corrosion and bioresorption: Bakhsheshi-Rad et al. fabricated binary, ternary (Zn-

Al-Mg) [52] and quaternary (Zn-Al-Mg-Bi) [74] Zn-Al based alloys. Their results revealed 

that the quaternary Zn–Al–Mg–Bi alloys have a slightly lower corrosion resistance than 

those of the ternary Zn–Al–Mg and binary Zn-Al alloys. The main reason for the faster 

corrosion of Zn-Al–Mg–Bi than ternary Zn–Al–Mg was credited to the formation of a 

secondary phase (α-Mg3Bi2) which causes more extensive galvanic corrosion with the Zn 

based solid solution.

Wang et al. [75] evaluated the feasibility of commercial Zn-Al based alloys as biodegradable 

metals. In this work three commercial Zn alloys (ZA4-1, ZA4-3, ZA6-1) were prepared by 

hot extrusion at 200°C. It was confirmed that the galvanic corrosion formed between Zn 

matrix and α-Al increased the corrosion rates of pure Zn in Hanks’ solution.

In a study conducted by Bowen et al. [49] the corrosion behavior of Zn-Al alloys was 

investigated in the murine aorta. They found that Zn-Al alloys undergo an intergranular 

corrosion which is distinctly different from that observed for pure Zn and other Zn alloys 

studied so far. The corrosion proceeds primarily by Al rich precipitates distributed at the 

grain boundaries which act as microanodic sites relative to the Zn matrix. They indicated 

that intergranular corrosion embrittles the alloy in the arterial environment, promoting 

microscale propagation of cracks and fragmentation of Zn-Al alloy implants.

2.1.4. Zn-Li alloy system

2.1.4.1. Microstructure and mechanical properties: The overdose of lithium (Li) may 

induce several potential health risks. Several researchers have reported that Li overdose 

causes congenital defects, especially of the cardiovascular system such as Ebstein's anomaly, 

when given to women during the first trimester of pregnancy [76]. Moreover, Aral et al. [77] 

investigated the toxicity of Li to humans. They reported that 10 mg L−1 Li in serum induces 

bipolar disorder, and at concentrations 20 mg L−1 and higher, there is a risk of death. 

However, Li is reported to be beneficial in several treatments such as brain injury, stroke, 

Alzheimer's, Huntington's and Parkinson's diseases and spinal cord injury, provided that it is 

kept below a critical content [78]. Based on clinical experiences, Li is nontoxic in the 

therapeutic range of 0.6–1.0 mM, while the toxic level occurs at 1.4 mM or higher [78].

As per phase diagram in Fig. 12, Li has a relatively low solubility in Zn (about 0.12 wt. % at 

403°C) and therefore, under an equilibrium cooling condition, for any Li content above 0.12 

wt% (within the eutectic range), Li has a tendency to form a lamellar Zn+LiZn4 eutectic 

micro-constituent along the α-Zn grain boundaries.

Indeed, Li is an appealing element in a Mg alloy system due to its ability to change the 

lattice structure from hexagonal close-packed (HCP) into the body-centered cubic (BCC) 

crystal structure and, consequently, it markedly improves Mg ductility. For this reason, 

compared to other Mg alloys, Mg-Li alloys have a greater potential for meeting the 
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requirements for cardiovascular stents owing to their exceptional ductility and considerably 

low released dosage of Li from a tiny mesh tube [79,80].

Lithium was proposed as an alloying element to Zn by Zhao et al. [81]. According to the 

authors’ estimation, for a Zn–Li alloy stent containing a relatively high Li content (1.7 

wt.%), and considering a total degradation period of 1 year, the overall quantity of released 

Li is roughly two orders of magnitude below the daily body consumption allowance. Zhao et 

al. [81] designed, cast and hot rolled several binary Zn-xLi alloys (where x= 0.2, 0.4 and 0.7 

wt.%, corresponding to hypoeutectic, eutectic and hypereutectic compositions, respectively), 

for use in biodegradable applications. It was found that, owing to the larger volume fraction 

of LiZn4 intermetallic phase, an increase in Li addition from 0.2 wt.% to 0.7 wt.% results in 

a consistent enhancement of YS and UTS, from 240 MPa and 360 MPa to 480 MPa and 560 

MPa, respectively. However, the measured ductility for the three alloys (14%, 14% and 2%, 

for Zn-0.2Li, Zn-0.4Li and Zn-0.7Li, respectively) is still fairly below the benchmark values 

(~ 20%) for stent materials.

2.1.4.2. Corrosion and bioresorption: An in vitro corrosion study on Zn-0.2Li and 

Zn-0.4Li alloys demonstrated that the corrosion rates and reaction products after immersion 

in modified SBF solution closely resemble those of pure Zn observed in vivo, in plasma, and 

in whole blood [81]. The Zn-0.4Li alloy exhibited higher resistance to corrosion compared 

to Zn-0.2Li, suggesting a positive effect of Li content on protective characteristics of the 

corrosion layer.

2.1.5. Zn-Ag alloy system

2.1.5.1. Microstructure and mechanical properties: Due to its strong antimicrobial 

properties, silver (Ag) has been applied by mankind for thousands of years. It maintains high 

antibacterial activity in a wide range of chemical states so that it effectively kills some 

superbugs which cannot be treated by most antibiotics [82]. Human use of silver has been 

described to be 0.4–27 µg/day [83]. Silver has been used for decades for burns and wound 

healing, being nowadays restored to many different medical applications [84,85]. Ag-

containing materials have been successfully used as dental implants [86]. Some are 

introducing silver as a compound for biomaterial coatings [87]. Many studies, which have 

been performed based on Ag antibacterial properties, confirmed that silver ions or 

nanoparticles kill bacteria which adhere to the surface of an implant or prevent them from 

adhering to it [86,88]. It is worth noting that infection is one of the main concerns related to 

surgical implants, causing economic and clinical consequences since it postpones the healing 

process and in some cases leads to death. It is reported that the highest mortality related to 

the infection of surgical implants is registered among patients with cardiovascular stents 

[89]. Accordingly, adding Ag as an alloying element to Zn or Zn alloy systems would be of 

great interest for potential vascular stents.

Fig. 13 shows the Zn-Ag equilibrium phase diagram. At 431°C for an 8 wt.% Ag alloy, 

solidification occurs through a peritectic reaction in which a primary solid phase (β-AgZn3) 

reacts with a liquid phase on cooling to produce a different solid phase (η-Zn solid solution). 

Peritectic reactions are commonly observed in systems with components that have large 
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melting point difference. Based on the phase diagram given in Fig. 13, Ag has a fairly high 

solubility in Zn and formation of any intermetallic phase, which leads to micro-galvanic 

corrosion, is prevented. Moreover, it would be possible to tailor the mechanical properties 

over a wide range by adjusting the Ag content in the solid solution. Accordingly, Zn-Ag 

might be a potentially suitable alloy system for vascular stent application.

Thus far, just one work has been published by Sikora-Jasinska et al. [44] on a Zn-Ag alloy 

system intended for biomedical applications. A new series of biodegradable Zn-Ag alloys 

with Ag content ranging from 2.5 to 7.0 wt.% were formulated. Fig. 14. depicts the 

microstructure of the as-cast and extruded Zn-7.0Ag alloy. The microstructure consists of 

primary η-Zn solid solution phase along with AgZn3 dendrites. The AgZn3 dendrites 

changed into fine precipitates (ranging from ~ 0.5–2 µm) distributed at the grain boundaries 

during the hot extrusion process. It was also found that after hot extrusion the microstructure 

of the alloys was significantly refined and the grain size decreased with increasing Ag 

content, giving a remarkably fine and equiaxed microstructure with a mean grain size of 

about 2 µm for the Zn-7.0Ag alloy. Among all Zn-based alloys which were explored by 

Sikora-Jasinska et al. [44], no microstructure with remarkably fine grains and ultra-fine/well 

distributed secondary phase particles have yet been reported. This finer microstructure not 

only markedly reduces micro galvanic coupling and thereby promotes uniform corrosion 

mode but also provides in a tiny vascular stent (strut thickness of about 100–160 µm) an 

enhanced number of grains occupying the strut section, thus remarkably improving the 

isotropic deformation behavior of the poly-crystal structure.

It was also confirmed that increasing the Ag content steadily enhanced the tensile strength 

from 203 MPa to 287 MPa for Zn-2.5Ag and Zn-7.0Ag, respectively, while, interestingly, 

the fracture elongation remained nearly unchanged (elongation to fracture in the range 32 to 

36%), which is desirable for stenting applications [44]. In addition, among all designed 

alloys, Zn-7.0Ag displayed superplastic behavior over a wide range of strain rates. This 

creates the possibility of exploiting forming processes at fairly rapid rates and/or even at 

lower temperatures (maximum elongation of about 340 % and >400% was achieved at strain 

rates of 1.0×10−3 s−1 and 5.0×10−4 s−1, respectively at a deformation temperature of 200°C).

2.1.5.2. Corrosion and bioresorption: Sikora-Jasinska et al. [44] studied the effect of Ag 

addition (2.5, 5.0 and 7.0 wt.%) on the degradation of Zn. The alloys with higher Ag content 

(5.0 and 7.0 wt.%) showed a trend toward more localized corrosion compared to the solid 

solution achieved in the Zn-2.5Ag alloy. This fact is attributed to the micro-galvanic effects 

caused by different potentials of the η-Zn solid solution and the AgZn3 phases. Indeed, 

AgZn3 particles act as sites for disruption of any oxide/hydroxide film covering the Zn-Ag 

alloys’ surfaces. Recently, Torne et al. [90] carried out an investigation on the degradation 

mechanism of as-cast Zn-4.0Ag alloy in a Ringer’s solution. Microstructural 

characterization on samples after 30 days of immersion showed selective corrosion 

surrounding AgZn3 dendrites, leaving the AgZn3 phase at the implant surface; nevertheless, 

no evident sign of corrosion pits was observed. Such enrichment of Ag at the interface may 

induce problematic cytotoxicity, affecting the tissue regeneration process. Thus, further 

investigation on biocompatibility of Ag-bearing Zn alloys could be of major significance at 

evaluating their competency as biodegradable implant materials.

Mostaed et al. Page 13

Acta Biomater. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.1.6. Zn-Cu alloy system

2.1.6.1. Microstructure and mechanical properties: Copper (Cu) is an essential trace 

element necessary for development of connective tissues, nerve coverings and bone growth 

[91]. Cu promotes the proliferation of vascular endothelial cells, thus accelerating the 

revascularization process [92,93]. Cu deficiency causes normocytic anemia, neuropenia and 

abnormal glucose and cholesterol metabolism [94]. Cu deficiency also has adverse effects on 

the cardiovascular system such as atrial thrombosis, coronary necrosis and vascular 

calcification [94,95]. In an adult body, about 80 mg of Cu is found, mainly concentrated in 

liver and brain and the recommended dietary allowance for Cu is in the range of 2–3 mg/day 

[96]. Additionally, Cu ion is well recognized as having antimicrobial properties [97,98] and 

has been used as a sanitizing material and antimicrobial agent in toothpastes [99].

As shown in Fig. 15, Cu has a moderate solubility in Zn (2.75 wt.% Cu is soluble into Zn at 

425°C). Similar to Zn-Ag system, Zn-Cu alloy experiences a peritectic reaction. Any Cu 

content between 2.7 wt.% to 22 wt.% results in the formation of a two-phase alloy consisting 

of primary ε-CuZn5 dendrites and η-Zn solid solution.

Recently, Niu et al. [50] conducted research on Zn-4wt.%Cu alloy. They revealed that after 

extrusion, alongside refined microstructure promoted by the dynamic recrystallization, 

CuZn5 dendrites were broken and distributed along the extrusion direction (bright particles 

in Fig. 16a), leading to enhanced mechanical performances (YS = 250 MPa and UTS = 270 

MPa). Further research work carried out by the same group [100] suggested that the addition 

of Mg to Zn-Cu alloy systems could further enhance the tensile strength by the formation of 

an Mg2Zn11 intermetallic phase (dark phase particles shown in Fig. 16). They also revealed 

that 1.0 wt.% addition of Mg to Zn-3.0Cu alloy increases the YS and UTS from 214 MPa 

and 250 MPa to 427 MPa and 440 MPa, respectively, while a drastic drop in elongation to 

failure, from 47% to 1%, was observed. Small differences between YS and UTS (which 

suggests a lack of work hardenability) for both Zn-Cu and Zn-Cu-Mg alloys, the poor 

ductility measured for the latter case, and the coarse and inhomogeneous distribution of 

intermetallic phases (as indicated in Fig. 16a and b) would make use of this alloy system for 

biodegradable applications quite challenging.

Lately, another study was conducted by the same group to study the effect of Fe addition on 

microstructure, mechanical and corrosion properties of Zn-3.0Cu-xFe alloys (where x= 0.5 

and 1 wt%) [101]. It was found that the addition of Fe did not contribute to microstructural 

uniformity. In particular, not only was no ternary intermetallic observed, but also, regardless 

of Fe content, a formation of coarse granular shaped FeZn13 particles (20 µm–80 µm) 

coexisting with large CuZn5 phase made the microstructure more non-uniform (Fig. 16c), 

and thus not favorable for degradable stent applications. Therefore, Fe addition did not 

enhance the tensile strength of the ternary Zn-Cu-Fe alloys. The authors reported that, 

instead, UTS values slightly decreased from 288 MPa for Zn-3.0Cu to 284 MPa and 272 

MPa for Zn-3.0Cu-0.5Fe and Zn-3.0Cu-1.0Fe alloys, respectively. In contrast, the ductility 

of the investigated alloys was more influenced by Fe addition so that the fracture elongation 

markedly decreased from 46% to 33% and 20% for Zn-3.0Cu, Zn-3.0Cu-0.5Fe and 

Zn-3.0Cu-1.0Fe alloys, respectively. This was attributed to the propagation of extrusion-
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induced cracks at the interface between soft Zn matrix (hardness of ~ 30 HV) and 

remarkably hard FeZn13 particles (hardness of 270 HV) during the tensile testing which 

results in an early fracture.

2.1.6.2. Corrosion and bioresorption: Niu et al. [50] developed Zn-4.0Cu alloys with 

corrosion rate of 9.4 µm/year and uniform corrosion morphology without any evident 

galvanic coupling. Subsequently, Zn-3.0Cu alloys with addition of Mg or Fe up to 1 wt.% 

were developed by the same group [100,101]. It was found that the addition of Mg could 

increase corrosion rate of Zn-Cu alloys to 43 µm/year. The sharp increase in corrosion rate 

was attributed to the micro-galvanic corrosion effect between FeZn13 particles and Zn 

matrix. Degradation rate of these alloys further increased to 68.8 µm/year [101].

2.1.7. Zn-Mn alloy system

2.1.7.1. Microstructure and mechanical properties: Manganese (Mn) is an essential trace 

element (<0.8 µg L−1 in blood serum) for the immune system and for a variety of enzymes 

[102]. Liu et al. [51] reported a very low hemolysis rate for rolled Zn–1Mg–0.1Mn alloy, 

confirming a good biocompatibility according to ASTM-F756-00. Moreover, they found no 

sign of thrombogenicity of the alloy with acceptable blood compatibility.

Mn has a rather low solubility in Zn (~ 0.8 wt.% at 405°C) (Fig. 17). Under equilibrium 

condition, at 1.2 wt.% Mn and at 405°C, Zn-Mn alloy experiences an eutectic transformation 

by which a Zn + Zn13Mn eutectic mixture forms. To date, the microstructure of as-cast Zn-

Mn alloys has not been explored and, therefore, the morphology of Zn + Zn13Mn eutectic 

constituents has not been reported. Recently, Sun et al. [103] investigated the influence of 

Mn content on the mechanical performances of extruded Zn-Mn alloys. They revealed that 

unlike other Zn alloys reported heretofore, Mn has an inverse impact on the mechanical 

properties of Zn. Indeed, increasing the Mn content from 0.2 wt.% to 0.6 wt.% gave rise to a 

reduction of ultimate yield strength from 220 MPa to 182 MPa, while it considerably 

improved the fracture elongation, from 48% to 71%. They stated that such an effect, as 

depicted in Fig. 18, arises from the formation of tensile twining, mainly in dilute alloys, by 

which basal planes are rotated by 86.5° around the {101 ̄2} axis. The volume fraction of the 

tensile twins in Zn-0.2Mn was measured to be 14.2%, while it decreased to 2.3% when 0.6 

Mn was added. It was inferred that extension of twining had a key role in the mechanical 

properties of Zn-Mn alloys, acting as barriers to the movement of dislocations, and resulting 

in an increase in flow stress. Accordingly, Zn-0.2Mn alloy, despite having lower volume 

fraction of the MnZn13 intermetallic, shows higher tensile strength than that of Zn-0.6Mn 

alloy.

2.1.7.2. Corrosion and bioresorption: Corrosion of Zn-Mn alloys has not been reported in 

literature yet.

2.2. Mechanical property degradation of Zn alloys

Adequate strength of biodegradable Zn implants is desirable during the healing process and 

is critical for postoperative rehabilitation. However, deterioration in mechanical integrity is 

expected as degradation progresses. Moreover, any mechanical load induced on the material 
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may accelerate this process due to the dual effect of corrosion and stress, leading to 

premature cracking. Unfortunately, very little was studied on changes in mechanical 

properties and fragmentation of Zn alloys.

Mostaed et al. [43] carried out compression tests on Zn, Zn-Mg and Zn-Al binary alloys 

before and after immersion in Hank’s modified solution to evaluate the effect of corrosion 

on the material’s mechanical properties. Compression specimens were immersed in Hanks’ 

modified solution for two weeks. Results revealed up to a 20% drop in compressive yield 

strength for Zn-Mg alloys and this drop increased with increasing content of Mg from 0.15 

to 1 wt.%. This effect was attributed to the increased volume fraction of the second phase, 

responsible for localized corrosion. In the same study, it was found that Zn-Al alloys have a 

slower loss of mechanical integrity, which was due to the presence of Al in the solute form, 

causing more homogenous corrosion mode. Li et al. [48] investigated the tensile properties 

of Zn-1Sr, Zn-1Ca and Zn-1Mg alloys for orthopedic applications after 2 and 8 weeks of 

immersion in Hanks’ solution. Results revealed that alloys can retain their mechanical 

strength during the early implantation time.

2.3. Biological interactions

2.3.1. Cytotoxicity of Zn alloys—Although biodegradable metals are among the most 

innovative concepts introduced in the field of metallic biomaterials, their in vitro 
biocompatibility remains under-explored. As a result, there is only a small number of in 
vitro studies on the cytotoxicity of Zn ions (Table 2).

The rate of metal ion release from biodegradable alloys, such as Zn, Mg and Fe based 

materials, is significantly higher than that of permanent biomaterials. The released metallic 

ions may induce systemic toxicity to the human body as well as local toxicity to the peri-

implant cells. Despite an outstanding biocompatibility of in vivo Zn-based implants, a 

rigorous understanding of how Zn and Zn2+ affect surrounding cells is missing. Protocols of 

current ISO standards (such as ISO 10993-5 or ISO 10993-12) do not apply to 

biodegradable metals and should be modified [104]. For example, Fischer et al. [105] 

recommended, in the case of Mg-based alloys, to use 10 times more extraction medium than 

recommended by the ISO standards to obtain reasonable results for reliable cytotoxicity 

evaluations of bioabsorbable Mg alloys in vitro. This recommendation might be suitable for 

Zn-based materials as well, although there is no clear guidelines. Consequently, researchers 

have applied different dilution levels of extracts while performing indirect cytotoxicity tests 

with Zn materials. In general, more diluted extracts (50% and below) contributed to 

increased biocompatibility [50,106,107]. A variety of cell lines has been used to evaluate the 

cytotoxicity of Zn alloys via in vitro experiments (Table 2). The choice of a specific cell type 

is of great importance for the performance of cytotoxicity tests and application of the 

investigated alloy.

Direct culture on metallic Zn revealed negligible cell survival despite Zn showing very good 

biocompatibility during in vivo tests [107]. This indicates the need to design a more 

representative in vitro experiment for cytotoxicity investigation of biodegradable metals. For 

example, Shearier at al. [107] modified the surface of Zn prior to direct culture on the 

metallic substrate. Collagen-based gelatin was deposited on Zn to mimic a protein layer in 
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vitro. Three human vascular cell types (endothelial, aortic smooth muscle, and dermal 

fibroblasts) used in this experiment could attach and proliferate on the modified Zn surface. 

Jablonska et al. [64] pre-incubated the Zn-1.5Mg alloy in SBF in order to create the 

protective surface layer, decreasing ion release and enhancing initial cell adhesion. Pre-

incubation significantly decreased the corrosion rate of the alloy and increased metabolic 

activity of L929 after the indirect test. Moreover, it increased the number of U-2 OS cells 

adhered to the surface of the alloy in the direct test. Thus, surface pre-treatment prior to the 

cytotoxicity testing of biodegradable metallic materials can reduce the discrepancy between 

in vitro and in vivo results.

Ma et al. [108] studied the short-term cellular responses of human coronary artery 

endothelial cells (HCECs) under the influence of Zn2+ in concentrations up to 0.14 mM. 

They found that the cellular responses depend on the concentration of Zn2+ ions so that at 

low Zn2+ concentrations the cell viability, proliferation, adhesion, spreading and migration 

are enhanced, while it reduces the cell adhesion strength. In addition, low Zn2+ 

concentrations were found to have a significant effect on cell morphologies, changing them 

into an elongated-like shape. However, higher Zn2+ concentrations were reported to have a 

reverse effect on HCECs behavior.

Zhu et al. [109] assessed the biological responses of human bone marrow mesenchymal stem 

cells (hMSC) to pure Zn in comparison to AZ31 Mg alloy. They indicated that the density of 

viable cell adhesion on Zn was markedly higher than that on AZ31 alloy and remained 

almost unchanged over time. This was attributed to the fact that Zn absorbs more plasma 

proteins which facilitate cell adhesion. They reported considerably higher cell proliferation 

on Zn than that on AZ31 alloy during the first 14 days of culture. Moreover, they showed 

that Zn2+ stimulates intracellular signaling pathway in hMSC, which might enhance in vitro 

extracellular matrix (ECM) mineralization.

Murni et al. [110] evaluated a single concentration of Zn–3Mg alloy extract at 0.75mg/ml 

and its effect on the viability, performance in mineralization, and inflammatory reaction of 

NHOst cells. They reported a 30–50% decrease in cell viability when exposed to Zn-

containing extracts, owing to the high concentration of Zn2+ in the extract (8µM). Moreover, 

the lower inhibitory effect of Zn–3Mg on the cells was ascribed to the presence of Mg as an 

alloying element which resulted in a lower corrosion rate than that of pure Zn.

2.3.2. In vivo testing of Zn-based biodegradable implants—Table 3 summarizes in 
vivo tests carried out on biodegradable Zn and Zn-based alloys. Using a murine preclinical 

model developed by Pierson et al. [20], wires made of pure Zn [8,39], Zn-Al [49], Zn-Mg 

[59] and Zn-Li [47] alloys were implanted into rat artery lumens to investigate biological 

responses of arterial environments to metals. These in vivo studies demonstrated that Zn and 

Zn alloys are well tolerated within rat abdominal aorta. In contrast to corrosion resistant 

metals that display a rigid and impenetrable interface to inflammatory cells, it was shown 

that Zn materials develop a dynamic interface that permits the penetration of inflammatory 

cells, phagocytic activity, and biomatrix regeneration. The degradation of Zn materials was 

found to be within the desired range of 0.02–0.03 mm/year with no chronic inflammatory 

response, localized necrosis or progressive intimal hyperplasia [8,39,111,112].
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Additionally, local tissue response to the Zn implants revealed evidence of early tissue 

regeneration around the biocorrosion area, with no sign of local or systematic toxicity [112]. 

It was proven that the Zn implants could remain almost intact for the first 3–4 months of 

implantation due to the presence of a more corrosion resistant oxide film that always covers 

metallic zinc [40]. It was also shown that after a few months in vivo, the corrosion products 

were primarily benign compacted zinc oxides and zinc carbonate [112]. After partial 

degradation, tissue regenerated within the implant. More importantly, it was proven that Zn 

has an antiproliferative effect, preventing restenosis after stent implantation.

The in vivo studies at Michigan Tech also revealed marked differences in inflammatory 

response in rat arteries, attributed to the compositional dissimilarities of alloys that cause 

variations in implant corrosion behavior [111]. Zn–Al alloys exhibited an intergranular 

corrosion that is significantly different from that observed for pure Zn and other Zn alloys 

investigated so far [49]. There also appeared to be a trend of slightly worsening 

biocompatibility with increasing Mg content in zinc. As a result, the Zn-Mg alloys caused 

slightly elevated inflammation and neointimal activation as compared to what was observed 

for pure Zn [59]. It was speculated that Mg2Zn11 particles promote a more aggressive 

activity of macrophages in an attempt to metabolize this alloy phase known for increased 

corrosion resistance. An enrichment of intermetallic particles in the corrosion product layer 

during in vivo degradation of zinc alloys and their effect on tissue regeneration is of concern 

[90] and has not been addressed yet.

The murine preclinical model [20] makes use of a single wire implant to simulate the 

presence of a stent strut within the vascular space. The application of radial force on the 

arterial wall with the potential for more extensive endothelial injury may result in different 

localized host tissue response to the material. Unfortunately, although a few in vivo studies 

with Zn stents using larger animals are under way, only one report was published so far. 

Yang et al. [113] implanted pure Zn stents into the abdominal aorta of rabbits for one year. 

Their findings coincide well with results of in vivo studies that involved Zn wires implanted 

into abdominal aorta of rats [39]. Specifically, the Zn stents biodegraded in about half after 

one year, with no severe signs of inflammation, intimal hyperplasia, and thrombosis 

formation. The researchers also observed healthy artery remodeling during stent 

degradation.

3. Discussion and comparative summery

3.1. Mechanical properties

Ultimate tensile strength (UTS) and elongation at fracture for various Zn-based alloys, in 

both as cast and wrought, are collected in Fig. 19. Cast alloys display a wide range of tensile 

strength, ranging from 70 MPa to 250 MPa, but with very poor ductility (<4%). The highest 

tensile strength was reported for Zn-1.5Mg-Ca/Sr alloys due to the combined strengthening 

contributions of brittle Zn + Mg2Zn11 eutectic constituents and CaZn13 and SrZn13 

intermetallic phases. However, the general mechanical performance, considered as the 

combination of strength and ductility, for all the reported cast Zn alloys listed in Fig. 19a is 

far below the benchmark values for vascular stent application (evaluated, as mentioned in the 

previous section, by values of tensile strength and fracture elongation exceeding 300 MPa 
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and 20%, respectively). Additional improvement in properties could be achieved by post 

thermomechanical treatments through tailoring microstructural features such as grain size, 

secondary phase size, their distribution and crystallographic texture.

Fig. 19b summarizes the tensile strength and fracture elongation of several wrought Zn-

based alloys explored for biomedical applications during the last two years [42–45,48–

52,54,55,58,81,100,101,114]. The red hachured region is where desirable materials with the 

desirable UTS and fracture elongation could be placed. However, by now, no Zn-based 

alloys have been introduced that fulfill the benchmark values required for an ideal 

absorbable stent material. For Mg bearing Zn alloys, which are the most investigated alloys 

(as represented with black legends in Fig. 19b), a parabolic trend can be seen so that with 

increasing Mg concentration UTS increases, while the elongation to failure decreases 

concurrently. However, it is apparent that any percentage of Mg higher than 0.5 wt% results 

in a drastic drop in fracture elongation. This trend is attributed to the increasing volume 

fraction of the brittle MgZn11 intermetallic phase. In particular, it has been found that most 

elements added to Zn (e.g. Ca, Sr, Mg and Fe) form relatively coarse and sharp-edged 

intermetallics which promote crack initiation at the interface of matrix and particles either 

during hot forming or tensile testing. This has a detrimental influence on the ductility of Zn 

alloys. On the contrary, in the case of Zn-Ag alloys, increasing Ag content from 2.5 wt.% to 

7.0 wt.% leads to a meaningful improvement in tensile strength and fracture elongation 

remains in the range of 32–36%. Ductility of these alloys was found to be not only attributed 

to the absence of any sharp-edged and coarse brittle intermetallics (see Fig.14b), but also to 

a high activity of the pyramidal <c+a> slip system. It should be noted that relative to the all 

binary and ternary Zn alloys, Zn-7.0Ag exhibits the best mechanical properties with a UTS 

and fracture elongation of 287 MPa and 32 %, respectively. Such an outstanding 

combination of high strength and ductility relies on the small grains, very fine and uniformly 

distributed precipitates and indeed favorable texture orientation for the <c+a> dislocation 

slip. However, among all the reported wrought alloys no materials seem to fully satisfy the 

mechanical benchmarks required for stent materials. Some alloys located in the grey 

hachured region of Fig. 19b are believed to be promising potential candidates for stent 

materials after further developments (Zn-0.15Mg, Zn-0.5Mg, Zn-3.0Cu, Zn-4.0Cu, 

Zn-5.0Ag, Zn-7.0Ag, Zn-5Al, Zn-0.4Li, Zn-0.7Li, Zn-3.0Cu-0.5Fe and Zn-3.0Cu-1.0Fe). It 

is expected that the mechanical properties of the mentioned alloys could be improved 

through composition modulation, microstructural optimization using thermal treatments (e.g. 

precipitation hardening), further grain/second phase refinement down to submicron regime 

and texture modification.

Opportunities to improve the mechanical properties and tune corrosion pattern of Zn alloys 

primarily lie in selection of alloying elements, their quantities and distribution in Zn matrix. 

Based on the information given in section 2.1.1, the alloying elements can be divided into 

three major groups: (i) elements with no or negligible solubility (Mg, Ca, Sr and Fe), (ii) 

elements of low or limited solubility (Al, Li and Cu) and (iii) elements of high solubility 

such as Ag. As of today, Zn systems alloyed with elements from the first two groups have 

been shown to be typically incapable of meeting the requirements for bioabsorbable stent 

materials due to the formation of relatively coarse and non-uniformly dispersed second 

phases. In these alloys the two main problems observed include:
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- Poor ductility in cases of high alloying content or low strength when the alloying 

concentration is small;

- Early peak flow in the tensile curve, causing premature failure for a material like 

a stent which is under fatigue condition.

Employing advanced thermomechanical processing such as severe plastic deformation 

techniques, by which Mg alloys have been already successfully processed, might refine and 

redistribute the second phases and thereby, tailor the mechanical properties of these alloys. 

However, this approach has been poorly explored by the biomedical research community. In 

contrast, high-solubility elements provide the possibility to improve the mechanical 

properties of Zn through tuning the fraction/dispersion of the second phase particles within 

the matrix. Unfortunately, research with high-solubility elements has been limited to Ag.

3.2. Texture evaluation in wrought Zn alloys

As is well-documented in the literature [115,116], hexagonal close packed (hcp) metals and 

related alloys with c/a (where c is the elementary cell extension along hexagonal axis and a 
is the dimension along the hexagons) ratios close to the ideal value of 1.633 tend to form 

basal fiber textures during extrusion due to the high activity of basal slip systems. Fig. 20 

shows the electron backscatter diffraction (EBSD) maps and their corresponding inverse 

pole figures obtained from the longitudinal section of ZK60 (Mg-5.3Zn–0.48Zr, wt.%) [117] 

and Zn-0.5Mg [43] alloys. For Mg (c/a =1.624) basal (0001) <112̄0> slip results in a sharp 

basal fiber texture after extrusion, so that basal planes in the majority of the grains are 

distributed parallel to the extrusion direction (ED) (Fig. 20a). On the other hand, in Zn, unit 

cell which c/a exceeds the ideal value (c/a =1.856) due to the lower critical resolved shear 

stress (CRSS) of pyramidal {1 1 2̄ 2̄} <112̄3> than prismatic {1 0 1̄ 0} <112̄0> slip systems, 

a combination of basal and pyramidal slip leads to a texture with basal poles tilted toward 

ED. As seen in Fig. 20b, through the deformation process, the majority of recrystallized 

grains are tilted toward [101̄0] and [2110] poles after extrusion.

Such a developed texture in wrought Zn alloys results in higher Schmid factors for basal slip 

system than those of Mg alloy counterparts. The increase in Schmid factor values results in 

easy dislocation slip on the dominant slip plane (0002) and, thereby, lowers the stress 

required for yielding, which might improve the fracture elongation of the alloys in the case 

that the loading axis is parallel to the processing direction. Although texture has a crucial 

role in the mechanical properties of HCP metals (e.g. as important as grain size, if not 

superior, in Mg alloys), to date, no research has reported the effect of this parameter on the 

mechanical properties in Zn-based alloys. Thus, this would be of scientific interest to study 

the individual and combined effects of the grain size and texture on mechanical behavior of 

Zn alloys. Such studies could open new engineering routes in development of vascular Zn-

based implants and complement the addition of alloying elements and applying 

thermomechanical processing, which have failed so far to produce Zn materials that meet the 

mechanical benchmarks for bioabsorbable vascular stents (see Fig. 19).
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3.3. Degradation behavior

The Pourbaix diagram for Zn shows that in an acidic environment (i.e. urine), no surface 

oxides of Zn are stable, while under neutral or slightly alkaline conditions (i.e. blood 

plasma) zinc has the tendency to be passivated (Fig. 21) [118].

Pure Zn is a chemically reactive metal which dissolves in aqueous solutions through the 

following electrochemical reactions [119]:

Zn+OH− = Zn(OH)ads. + e (1)

Zn(OH)ads. + 2OH− = Zn(OH)3
− + e(rds) (2)

In near neutral environment, predominant Zn species have been identified to be tetrahedral 

Zn(OH)42 − .

Zn(OH)3
− + OH− = Zn(OH)4

2 − (3)

Zn(OH)4
2 − = Zn(OH)2 + 2OH− (4)

Zn+2OH− = Zn(OH)2 + 2e (5)

Zn+2OH− = ZnO + H2O + 2e (6)

According to the above-mentioned reactions, solid Zn(OH)2 and ZnO are formed, with no 

gas evolution during Zn corrosion. Hydrogen release during Zn corrosion is expected to be 

negligible contrary to the case of Mg. The presence of Zn(OH)42 −  ions in aqueous solutions 

generally results in a decrease of the hydrogen reduction rate [119]. The stability of both 

Zn(OH)2 and ZnO is limited by environmental parameters, including presence of hydrogen, 

carbonates/bicarbonates and phosphates, chloride ions and changes in the concentration of 

the corrosion products [120]. Furthermore, depending on the mentioned environmental 

parameters, other Zn compounds can be formed.

Recent studies on Zn and its alloys revealed the presence of several elements such as Zn, P, 

O, C, Cl, and Ca among the corrosion products after the in vitro degradation tests, implying 

that these products are mainly based on calcium phosphates and carbonates [42,43,64]. The 

oxygen content may imply the precipitation of oxides and insoluble hydroxides. This is 

probably a result of the ionic interaction between Zn corrosion products and a series of 

acidic radicals such as Cl−, HCO3
−, HPO4

2 −  [121]. The stability of Zn compounds has been 

found to affect the corrosion resistance of zinc in many environments. The dissolution of 
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zinc may be greatly inhibited by the formation of solid surface films in solutions containing 

carbonates according to the following reactions [119]:

ZnO+2H+ Zn2 + + H2O (7)

Zn2 + + H2CO3 ZnCO3(s) + 2H+ (8)

5Zn2 + + 2HCO3
− + 6H2O Zn5(OH)6(CO3)2(s) + 8H+ (9)

2H2 + 2HCO3
− + H2O + 5ZnO(S) Zn5(OH)6(CO3)2(s) (10)

The presence of carbonates and bicarbonates extends the possible passivation region to near 

neutral pH values.

In the presence of Cl−, Zn2+ may be able to form various soluble species, such as ZnCl2, 

ZnCl2− and surface-confined b-ZnOHCl, that can lead to the formation of the main product of 

zinc hydroxychloride, Zn5(OH)8Cl2. Also for this case, intermediate corrosion products 

formed on the surface can prevent direct exposure to the environment. In particular, 

Zn5(OH)8Cl2 · H2O (simonkolleite) contributes to the improvement of corrosion resistance 

[122]:

5ZnO + 2Cl− + 6H2O Zn5(OH)8Cl2H2O + 2OH− · 5ZnO + 2Cl− + 6H2O
Zn5(OH)8Cl2 · 2H2O + 2OH− (11)

In phosphate containing solutions, the dissolution of zinc occurs through a solid surface film 

whose composition and structure are affected by the pH. At pH < 12 a solid-phase process 

dominates. It has been reported that the presence of HPO4
2 −  ions inhibits dissolution of Zn, 

forming insoluble phosphates such as ZnHPO4 [119]. Passive films formed during Zn 

dissolution may have different compositions and various degrees of compactness and thus 

may significantly affect the dissolution process [119].

Addition of alloying elements gives an opportunity to further modulate the corrosion 

properties of Zn-based bioabsorbable metals in terms of the rate/uniformity of corrosion and 

mechanical integrity of the implant during the serving period. The corrosion of pure Zn 

depends more on the properties of Zn itself, while in Zn-based alloys corrosion is mainly 

related to the size/distribution and fraction of the second phases. The differences in 

corrosion rates of the investigated Zn-based alloys listed in Table 1 are ascribed to the 

presence of various second phases such as Mg2Zn11, CaZn13, SrZn13, Mg3Bi2, FeZn13, 

AgZn3, etc. [43,44,48,74,101]. Even minor changes in the elemental composition of an alloy 

could significantly alter the degradation mode compared to that of pure Zn. Alloying 

elements are involved in formulation of new phases in the structure of metal, and each phase 

has its individual electrochemical properties. Due to the galvanic coupling between second 
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phases and surrounding matrix, the former are the initiation sites for localized corrosion. 

Subsequent alloy processing, such as thermal and/or thermomechanical treatments, result in 

a tailored microstructure with homogenously distributed second phases, promoting more 

uniform corrosion which is the desirable mode in biomaterials applications.

For instance, Mostaed at al. [43] investigated the influence of grain size on the corrosion 

performance of pure Zn, Zn-Mg and Zn-Al alloys. A slight reduction in corrosion rates and 

homogenous corrosion attack due to annealing and extrusion was observed because of the 

refinement and redistribution of intermetallic particles in extruded Zn-Mg alloys. 

Additionally, study of mechanical integrity during degradation indicated that in Zn-Mg 

alloys with an increasing fraction of Mg2Zn11 phase led to a larger rate of loss of material 

mechanical integrity. In contrast, Zn–Al alloys revealed a slower loss of mechanical integrity 

as a result of the higher solubility of Al and, thereby, an absence of any second phase 

particles.

Another studyconducted by the same group indicated that in the case of Zn-Ag alloys, 

micro-galvanic corrosion is more pronounced in the samples with higher Ag content such as 

Zn-5.0Ag and Zn-7.0Ag, which is ascribed to the higher volume fraction of AgZn3 second 

phase particles acting as anodic sites [44]. Similar findings have been reported by Torne et 

al. [90], who indicated a distinct galvanic coupling in corroded Zn-4.0Ag between AgZn3 

dendrites and Zn matrix, leading to an enrichment of AgZn3 phase on the surface of the 

alloy. However, any Zn-Ag alloy with a solid solution microstructure (no evidence of 

secondary particles or solute segregation) exhibits a uniform corrosion with no particular 

pitting corrosion [44]. In brief, understanding the metallurgy of the specific material can 

help to achieve final microstructures designed to achieve optimal mechanical properties and 

to provide safe and long-term controlled corrosion.

4. Conclusion and insight for future

An ideal bioabsorbable stent material should possess a corrosion rate matching the tissue 

healing rate, sufficient mechanical properties and acceptable biocompatibility. Over the last 

several years, metallurgical attempts have failed to fully achieve all of these objectives in a 

single material, although Fe and Mg alloys have shown promising properties for 

bioabsorbable medical devices. Zn has been recently added to the short list of bioabsorbable 

metal candidates, especially for stent applications, due to its near-ideal corrosion rate and 

acceptable biocompatibility. Zinc’s low mechanical strength has prompted a search for Zn 

alloys with enhanced mechanical properties through alloy elemental composition and 

processing manipulation. To develop novel biomedical Zn alloys both the elemental 

composition and processing route need to be optimized to achieve desired microstructural 

characteristics including grain refinement, control over the second phase particles size and 

distribution, and favorable crystallographic texture orientation, preserving at the same time 

favorable corrosion rate and biocompatibility.

In this report, the most recent advances in formulation of Zn alloys, their opportunities and 

limitations have been critically reviewed. In particular, mechanical performance, degradation 

behavior and in vivo investigations have been evaluated for Zn alloys containing various 
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elements, in either fairly large quantities or traces, developed for medical applications 

mainly in the last three years.

To date, corrosion studies have been focused mainly on calculation of the material 

degradation rate. However, a detailed investigation on the corrosion initiation, its 

progression, formation, growth and biocompatibility of corrosion products and their precise 

identification still remains unexplored. In vitro corrosion mechanism of Zn is mainly 

dictated by experimental variables such as choice of solution, its electrolyte composition and 

alkalinity, duration of the test, and samples’ surface finish, which vary broadly from 

experiment to experiment. As a result, a direct comparison between the reported testing 

results remains a challenge. Additionally, many in vitro and in vivo studies do not provide 

accurate specification of materials and samples used such as accurate elemental 

composition, microstructure characteristics, sample dimensions, ratio of surface area to 

solution volume, sample surface finish, pH of solution and its stability, etc. Zn materials 

corrode differently than Mg alloys and development of standardized protocols for this new 

biomaterial is necessary to simplify the comparison between reported experimental results.

Zinc and its alloys were introduced as biocompatible and biodegradable metals just a few 

years ago and they still remain under this category after an upsurge of research activities in 

the biomedical field with this new class of biomaterials. Research with zinc materials has 

broadened globally in the last three years, but no alarming evidence of cytotoxicity effects 

associated with biocorossion of zinc materials has been published. As a result, extensive 

investigations will likely continue in the field of development of bioabsorbable Zn alloys 

toward getting proper compositions and meeting the strict clinical criteria for vascular 

scaffolding applications such as excellent biocompatibility, prolonged mechanical integrity 

and controlled corrosion rate.
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Fig. 1. 
(a) Schematic illustration of stent implantation into a coronary vessel, and (b) a compromise 

between degradation and mechanical integrity of an ideal absorbable stent (prepared based 

on Ref. [1]).

Mostaed et al. Page 32

Acta Biomater. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Cross-sectional area (CSA) reduction (A) and penetration rate (B) of ϕ0.25 mm zinc wires 

implanted in abdominal aorta of rats as a function of implantation time. Reproduced from 

Ref. [39] with permission.
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Fig. 3. 
Zn-Mg equilibrium phase diagram (based on Ref. [123]).
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Fig. 4. 
Microstructure of the as-cast (a) Zn-0.15Mg, (b) Zn-0.5Mg, (c) Zn-1.0Mg and (d) Zn-3.0Mg 

alloys.
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Fig. 5. 
Microstructure of the Zn-0.5Mg alloy after hot extrusion at 250°C. Reprinted with 

permission [43].
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Fig. 6. 
Microstructure of a cold drawn Zn-0.5Mg alloy wire to a cumulative strain of 60%, 

representing the occurrence of internal cracking during cold work processing.
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Fig. 7. 
Grain boundary misorientation maps of (a) as-extruded and (b) 97% cold drawn Zn-0.02Mg 

alloy. Blue, black and red lines correspond to LAGB (2°–15°), HAGB (>15°) and extension 

twin boundaries, respectively. Reprinted with permission [60].
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Fig. 8. 
(a) Zn-Ca and (b) Zn-Sr equilibrium phase diagrams (based on Ref. [123]).
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Fig. 9. 
Zn-Al equilibrium phase diagram (based on Ref. [123]).
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Fig. 10. 
Microstructure of the (a) as-cast and (b) extruded Zn-1.0Al alloy.
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Fig. 11. 
Microstructure of the as-cast Zn-1.0Al-1.0Mg alloy.
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Fig. 12. 
Zn-Li equilibrium phase diagram (based on Ref.[124]).
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Fig. 13. 
Zn-Ag equilibrium phase diagram (based on Ref. [123]).
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Fig. 14. 
Microstructure of the (a) as-cast and (b) extruded Zn-7.0Ag alloy.
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Fig. 15. 
Zn-Cu equilibrium phase diagram (based on Ref. [123]).
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Fig. 16. 
Microstructure of extruded (a) Zn-3Cu, (b) Zn-3Cu-0.5Mg and (c) Zn-3.0Cu-1.0Fe alloys. 

Reprinted with permission [100,101].

Mostaed et al. Page 47

Acta Biomater. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 17. 
Zn-Mn equilibrium phase diagram (based on Ref. [123]).
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Fig. 18. 
EBSD maps of as-extruded (a) Zn-0.2Mn and (b) Zn-0.6Mn alloys, highlighting the tensile 

twining in red. Reprinted with permission [103].
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Fig. 19. 
Fracture elongation versus ultimate tensile strength of (a) as-cast and (b) wrought Zn-based 

alloys (the red hachured region is where desirable materials could be placed, while alloys 

located in the grey hachured region are believed to be potential candidates for stent materials 

after further developments) [42–45,48–52,54,55,58,81,100,101,114,125].
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Fig. 20. 
EBSD maps and the corresponding inverse pole figures of (a) ZK60 and (b) Zn-0.5Mg 

alloys. Reprinted with permission [43,116].
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Fig. 21. 
Pourbaix diagram for Zn in H2O; (based on Ref. [7]). The region with aqueous species is 

colored green; concentration-dependent regions between [Zn2+] = 1 µ M and 1 M are in 

white; and solid species are shown in yellow. Physiological pH = 7.3 is shown by a red line.
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Table 2

Summary of the in vitro studies on biocompatibility of Zn and Zn-based biodegradable alloys.

Cell line Material Major findings Ref

Human dermalfibroblasts 
(hDF), Human aortic 

smooth muscle 
cells(AoSMC), Human 
aortic endothelial cells 

(HAEC)

Pure Zn HAEC exhibited superior tolerance for Zn2+ (LD50~265µM), while the viabilities of 
hDF (LD50~50µM) and AoSMC (LD50~70µM) decreased significantly with increasing 
concentration of Zn2+ ions. Direct culture revealed negligible cell survival on the Zn 
surface

[107]

MC3T3-E1 mouse 
osteoblast

Zn-Al-Mg Increase in the viability of MC3T3-E1 cells for Zn extracts compared to the control 
group was observed. Addition of Bi from 0.1 to 0.5 wt% to the ternary alloy reduced 
the viability of MC3T3-E1 compared to Zn-Al-Mg and negative control group due to 
the higher degradation rate of the Bi containing alloy.

[74]Zn-Al-Mg-Bi

Murine fibroblasts L929 Zn-0.8Mg Zn is less biocompatible than Mg. The maximum safe concentrations of Zn2+ for the 
U-2 OS and L929 cells are 120 µM and 80 µM, respectively. Genotoxicity and 
mutagenicity tests did not reveal any negative effects related to Zn.

[114]Human osteosarcoma 
cells U-2 OS

The human endothelial 
cell line EA.hy926

Zn-Cu In case of binary alloys, for 10% and 50% diluted extracts, the cell viability was always 
close to 100% at each culture time. The cells cultured in 100% extract show lower 
viability (10 – 20% of the control). 100% extracts of Zn-Cu-Mg alloys met the 
cytotoxicity standards. Enhanced cells viability of ternary alloys was attributed to the 
presence of Mg.

Zn-Cu-Mg [100]

[106]

Murine fibroblasts L929 Zn-1.5Mg Test was performed on untreated and pre-incubated samples. The pre-incubated 
samples revealed higher – above 70% metabolic activity of L929 cells. U-2 OS cells 
were used in direct tests. Osteoblast-like cell growth directly on the samples was 
observed.

[64]Human osteosarcoma 
cells U-2 OS

Human osteosarcoma 
cells lines: HOS and 

MG63 cells

Zn-1.2Mg Cells cultured in the extraction medium at concentrations of 100%, 75%, 50%, 25% 
and 12.5% for 3 days. For HOS cells, a higher extract concentration reduced cell 
viability and induced cytotoxicity (cell viability below 10%). For MG63 cells high 
extract concentrations showed a slightly reduced cell viability. Extracts of 50% and 
25% contributed to an increase of cytocompatibility, which exceeded 100% of the 
negative control group. It was suggested that a certain level of Zn2+ ions might promote 
cell attachment and proliferation, resulting in increases in bone healing and new bone 
formation.

[48]

Human osteosarcoma 
cells (MG63), human 

umbilical vein 
endothelial cells 

(ECV304) Rodent 
vascular smooth muscle 

cells (VSMC)

Pure Zn and 
Zn-1X alloys 

where X= 
Mg, Sr, Ca

For ECV304 cell, the Zn-1X alloys revealed high cell viabilities compared to pure Zn. 
For VSMC cell, the alloying elements do not have major influence on cells viability. 
For MG63, extracts of pure Zn lead to reduced cell viability compared to negative 
controls. Addition of the alloying elements Mg, Ca and Sr into Zn increased the 
viability of and promoted MG63 cell proliferation.

[45]

NHOst primary cells Zn-3.0Mg When the NHOst cells were exposed to Zn-containing extracts, their viability was 
reduced 30–50% of the control, because of the high concentration of Zn2+ in the extract 
(8µM). When compared to pure Zn, lower inhibitory effect of Zn–3Mg on the cells was 
attributed to an alloying with Mg resulting in lower corrosion rate.

[110]

Primary human coronary 
artery endothelial cells 

(HCECs)

Zn2+ 

containing 
solution

The study confirmed that cellular responses depend on the concentration of Zn2+ ions. 
At low concentrations, Zn2+ enhanced cell viability, proliferation, adhesion, spreading 
and migration. Further, it affected cell morphology; elongated shapes were observed in 
case of low ion concentrations. Nevertheless, cell adhesion strength was reduced. In 
contrast, high Zn2+ concentrations were observed to have detrimental effect on HCECs 
behavior.

[108]

Human mesenchymal 
stem cell (hMSC) derived 

from bone marrow

Pure Zn Zn supports hMSC adhesion and proliferation. Mineralization of ECM and hMSC 
osteogenic differentiation were noticeably improved, featuring increased expression of 
bone-related genes (such as ALP, collagen I, and osteopontin). Finally, the presence of 

[109]
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Cell line Material Major findings Ref

Zn2+ lead to enhanced regulation of genes, cell survival growth and differentiation, 
ECM mineralization, and osteogenesis.
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