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Abstract

:

Absorbable metals have been introduced as materials to fabricate temporary medical implants. Iron, magnesium and zinc have been considered as major base elements of such metals. The metallurgical characterization and in-vitro corrosion assessment of these metals have been covered by the new ASTM standards F3160 and F3268. However, the in-vivo corrosion characterization and assessment of absorbable metal implants are not yet well established. The corrosion of metals in the in-vivo environment leads to metal ion release and corrosion product formation that may cause excessive toxicity. The aim of this work is to introduce the techniques to assess absorbable metal implants and their in-vivo corrosion behavior. This contains the existing approaches, e.g., implant retrieval and histological analysis, ultrasonography and radiography, and the new techniques for real-time in-vivo corrosion monitoring.
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1. Introduction


Referring to ASTM F3160-16 standard [1], an absorbable metal, also known as biodegradable metal, can be defined as “an initially distinct foreign material or substance [metal] that either directly or through intended degradation can pass through or be metabolized or assimilated by cells and/or tissue.” The degradation begins when the implant and the body fluid interact via the electrochemical mechanism of metal dissolution (corrosion) [2,3]. Ideally, these metals should corrode in the in-vivo at a proper rate without inducing any undesirable reaction from the host. Eventually, they are supposed to perfectly disappear as soon as the new tissue is formed [2].



Iron (Fe), magnesium (Mg) and zinc (Zn)-based metals constitute a major part of absorbable metals. They have been studied and proposed for making temporary medical implants such as coronary stents, bone pins and screws, and surgical clips [4]. Animal studies have shown that the stents made of Fe and Zn are biocompatible for a long-term period [5,6]. Mg-based stents also showed a continuous desirable safety profile when clinically tested in humans [7]. These are only few recent examples of absorbable metal implant development besides the recent commercial launch of Mg bone screws and pins by a German company [8].



Once implanted in the body, an absorbable metal should maintain proper mechanical properties in the course of corrosion. In addition, there needs to be a balance between the amount of released metal ions and the capacity of the body to metabolize (absorb and excrete) them. Therefore, the corrosion rate should be controlled. This can be done by microstructural and metallurgical manipulation and through surface treatment and coatings. The results can be confirmed by various standardized in-vitro corrosion assessment methods, but such standardized techniques have not been introduced for in-vivo corrosion tests. This manuscript is aimed at establishing a common ground for in-vivo corrosion characterization and assessment of absorbable metal implants by reviewing the techniques routinely used and new techniques capable of real-time in-vivo corrosion monitoring.




2. Corrosion of Absorbable Metals


The corrosion rates of the three groups of absorbable metals follow this order: Fe-based are lower than Zn-based and both are lower than Mg-based [3,9,10,11]. As an illustration, the corrosion rate of pure Mg, pure Fe and pure Zn after 168 h of immersion in saline solution at 37 °C were 4, 0.2 and 0.6 mm/year, respectively [12]. Under the in-vivo condition, the slow corrosion of Fe and its alloys becomes more evident [13,14,15], and the high corrosion rate of Mg-based metals becomes problematic [5,16,17]. Various approaches have been employed to control the speed of corrosion in absorbable metals: precise alloying, purification, improved manufacturing process, surface treatment and protective coating (Table 1). It has been shown that alloying with manganese (Mn), palladium (Pd), silver (Ag), gallium (Ga), sulfur (S) and intermetallic compounds accelerated the corrosion of Fe-based metals [6,18,19,20,21]. This was obtained also by surface modification approaches, such as vacuum plasma nitriding, silver ion implantation [22,23] and by making composites with polymers [24,25,26]. On the contrary, purification [27,28], alloying with calcium (Ca), Zn, rare earth elements (RE) and others [26,29,30] as well as coating with bioceramics or biopolymers [31,32,33,34] led to a decrease in corrosion rate of Mg-based alloys.



The enhanced corrosion rates of absorbable metals are often only observed during in-vitro tests. Such results have not been reproduced under in-vivo conditions [35,36]. Unlike in-vitro conditions under which the test parameters are highly controlled, the in-vivo environment introduces more complexities to the test such as physiological response of living tissues as well as numerous components of body fluid, e.g., water, organic compounds, dissolved oxygen, cations, anions, proteins, amino acids, etc., all of which can affect the corrosion process. [37]. Therefore, there exists a challenge to establish a method for characterizing and assessing the in-vivo corrosion behavior and for correlating the results with those obtained in the in-vitro tests [2,35,37].



2.1. Correlation of In-Vitro and In-Vivo Corrosion


The challenge of modeling the complex in-vivo condition in the in-vitro tests as well as the variation in testing parameters and procedures make it difficult to correlate the in-vitro and in-vivo test results. [35]. It has been shown that corrosion rates of Mg pins obtained from in-vitro tests (immersion in DMEM) were comparable with those obtained from in-vivo experiments (in Sprague-Dawley rats). However, it is still necessary to improve the in-vitro experiments by taking into account the biological components, dynamic condition and mechanical exposure that are present under in-vivo conditions [38]. In an in-situ experiment, the corrosion of an Mg alloy was electrochemically monitored (real time) in a vascular bioreactor. It was observed that the flow-induced shear stress caused faster mass and electron transfer of the alloy during corrosion [39]. These two examples suggest that certain in-vivo conditions affect the corrosion behavior of absorbable metals and indicate the importance of correlating the results obtained by in-vitro experiments with those of in-vivo tests. Thus, it is necessary to develop a standard methodology to understand how exactly a parameter affects the in-vitro corrosion of a metal. Such a methodology makes it possible for the researchers to compare their results more easily.



ISO and ASTM have been jointly working to develop standard guides to assess corrosion behavior, metallurgical aspects and biocompatibility of absorbable metals [40]. ASTM recently published two new standards for absorbable metals: the F3160 and F3268 [1,41]. The former provides guidelines to properly characterize and asses the physical, chemical, mechanical and microstructural properties of absorbable metals. It contains inspection instruction for cast and wrought metals [1]. The latter, however, provides guidelines to properly control the test environment, and it contains optional use of a standard absorption control material to make it easier to normalize and compare the results obtained by different researchers [41]. However, neither of the mentioned documents provide biocompatibility or in-vivo assessment guides. ISO is supporting the development of ISO/TS 37137-1 and ISO/TR 37137-2 guides for clinical and biological evaluation of absorbable metals [42,43].




2.2. Material-Tissue Interaction during In-Vivo Corrosion


Once implanted into the human body, an absorbable metal is continuously exposed to the extracellular tissue fluid. As illustrated in Figure 1, it results in electrochemical dissolution of metal, inducing a multi-step process in the body: protein adsorption, coagulation, acute inflammation, chronic inflammation and foreign body response. The acute interaction generates an interspace (dead space) between the implant and the tissue that is filled with a great amount of body fluid. Then, inflammation of cells takes place in the first week after implantation. The inflammation reduces over time, since the surrounding tissue proliferates into the dead space [44,45].



Corrosion initiates anywhere with potential difference on the surface of metal. It is induced by either microstructural heterogeneity, e.g., impurities, phases, grain boundaries and native oxide layers, or by geometrical variations and environmental conditions, e.g., notch, crevice, coating defect, scratch and oxygen level gradient. Different components constitute the body fluid, e.g., cations and anions, organic compounds, dissolved oxygen, proteins and amino acids. Corrosion of metal (M) in the physiological environment generally involves the following reactions:










	Anodic reaction:
	   M →Mn+ + ne−
	   (1)



	Anodic reaction:
	   2H2O + 2e−→ H2 + 2OH−
	   (2) or



	
	   2H2O + O2 + 4e-→ 4OH−
	   (3)



	Product formation:
	   Mn+ + nOH−→ M(OH)n
	   (4)






The released metal ions react with water and other components, producing a layer of corrosion products with a simple composition, e.g., metal hydroxides (M(OH)n) or with a complex one, e.g., metal complexes. Reduction of water and/or oxygen consume the free electrons, and hydrogen gas or hydroxide ions are produced as the result. Due to inflammatory response, pH value drops to 5.3–5.6 in the vicinity of the implant. This may accelerate the corrosion process and decrease the local oxygen level [46]. The inorganic ions like Cl− severely penetrate the M(OH)n layer which results in continuous localized corrosion [47]. For other ions, SO42− has similar effect as Cl−, however HPO42−/PO43−, HCO3−/CO32− and Ca2+ protect the surface of Mg and Fe by passivating it. This occurs due to the precipitation of carbonate and phosphate salts on the surface of metal [48,49]. Adsorption of organic molecules such as albumin on the surface of Mg impede the corrosion in the primary step [50]. On the contrary, amino acid decreases the barrier effect of the passive salt layer that protects Mg against corrosion [48].





3. In-Vivo Corrosion Characterization and Analysis


In order to study the body response to metallic absorbable implants, researchers have successfully employed the approaches used for inert biomaterials [51]. The conventional methods for in-vivo corrosion assessment of absorbable metal implants are implant retrieval characterization, histological analysis, and ultrasonography and radiography.



3.1. Implant Retrieval Analysis


On the retrieved implant, corrosion characterization and analysis can be conducted by observing the surface morphology and cross-section by means of a Scanning Electron Microscope (SEM) coupled with an Energy-Dispersive X-ray Spectroscopy (EDS). By comparing the retrieved implant to that of the non-implanted control sample, corrosion rate can be calculated by weight loss or by measuring the metal-oxide layer thickness from the cross-sectional images. Further analysis on the corrosion product can be done using X-ray Photoelectron Spectroscopy (XPS), Fourier-Transform Infrared Spectroscopy (FTIR), or X-ray Diffraction (XRD) to determine the formed, inorganic compounds, organic compounds or crystalline phases, respectively. An SEM-EDS analysis was used to reveal the morphology and chemical elements of the corrosion products on the surface of the retrieved Fe-bioceramic implant after 10 weeks of implantation in the radial bone of sheep (Figure 2a) [52]. A similar instrument was also used to analyze chemical composition on the cross section of an explanted AZ31B Mg screw after 21 weeks of implantation in the femoral bone of rabbit, showing a variation of the element as a function of distance from the bone-implant interface (Figure 2b) [53]. The SEM-EDS also revealed the inorganic compounds formed on a pure Fe pin after 52 weeks of implantation in rat which was then analyzed further based on each element at the tissue-implant interface (Figure 2c) [13].




3.2. Histological Analysis


Histological analysis is usually done at the end of an in-vivo study, where it needs a sacrifice of the animals [54], or a biopsy of the target tissue while the animals are still alive [52]. The harvested tissue is then processed to obtain serial micro-slicing samples of the area of interest, either with or without the retrieved implant in the tissue. The soft histological tissue is processed by infiltrating paraffin into the tissue then serial micro-slicing at ±5–7 µm thickness [52]. However, at the presence of the implant or the hard tissue, poly(methyl methacrylate) resin is used prior to micro-slicing with a diamond saw at ±100–200 µm thickness [55]. By comparing the images of tissue around the implant to those of control tissue obtained from sham animals, the tissue-implant interaction can be analyzed. This can be done by observing the morphology, number and function of cells that were directly or indirectly in contact with the implant under an optical microscope, SEM, or confocal laser scanning microscope (Figure 3a) [54,55,56]. The remnant of corrosion products can be viewed and measured in terms of size and distance from the implantation site (Figure 3b) [57]. Contrast stains are also used to reveal the specific cell morphology around the implantation site (Figure 3c) [58].




3.3. Ultrasonography and Radiography


Ultrasonography (USG) uses a very high frequency sound waves (>20,000 Hz) to image soft tissue, enabling it to produce a real-time image at different gray scale degrees [52]. The sound wave is reflected by the tissue at different level of echogenicity: hyperechoic (high reflective) by gas-contained and hard tissue, hypoechoic by soft tissue, and anechoic (no reflection) by fluid. The USG’s echogenicity was analyzed using ImageJ software (NIH, USA) to quantitatively assess the corrosion of the Fe-bioceramic implant in sheep (Figure 4a) [51]. Different from USG, radiography and tomography use X-rays to produce diagnostic images and is considered as a gold standard for hard tissue monitoring of metal implants. The instrument emits X-rays that are attenuated when they pass through, are reflected or absorbed by the target tissue. Only the pass through X-rays are received by X-ray film or digital X-ray sensors to produce images [59,60]. Tissue characteristics, such as thickness, density, type of tissue and presence of implant or corrosion product can be differentiated from the gray scale of the 2D X-ray images [61]. The gray scale variation indicates some changes both on the implant and the tissue where tissue change becomes more visible around an active (corroding) implant than an inert one [59]. The line-plot profile module of ImageJ software was used to analyze the radiography images of porous Fe implanted in the femoral bone of rat (Figure 4b) [51]. Another analysis uses a radiographic scoring system as a qualitative approach, which was applied to assess the variation of the structure and shape of the femur of New Zealand white rabbits after being implanted with LANd442 Mg alloy pin for over 4–10 weeks (Figure 4c) [61,62].



More recent diagnostic instruments used to assess the in-vivo corrosion of absorbable metals are Micro-Computed Tomography (µCT) and Magnetic Resonance Imaging (MRI). µCT utilizes X-rays to produce 2D images and 3D reconstructed images based on the attenuation after passing through the target tissue. It was used to study the corrosion of a pure Mg pin implanted for 16 weeks in the femoral bone of rabbits (Figure 5a) [63], and pure Fe stent implanted in the tail vein of rats (Figure 5b) [58]. In MRI, a powerful magnetic field is used to expose and spin the protons, then a beam of radio wave is introduced to forcibly change the direction of the protons. Images are created based on the energy that the protons release to realign with the magnetic field once pulsing the radio wave has stopped [64]. Even though magnetic implants are usually avoided to be scanned under MRI, an Fe stent implanted in rabbit abdominal aorta was successfully imaged by this instrument despite the presence of artifacts (Figure 5c) [22]. However, it was shown that MRI has a modality to image tissue-implant interaction in better quality for absorbable Mg alloys, i.e., less artifacts, compared to that of inert metals such as titanium [65].




3.4. Comparison of In-Vivo Corrosion Characterization Techniques


In the quest for an ideal technique for monitoring the interaction between the absorbable metal implant and the surrounding tissue, i.e., changes on implant and the surrounding tissue due to corrosion, one may consider two facts: (1) corrosion is a time-dependent continuous phenomenon; (2) although it is a surface phenomenon, it is spatially continuous, i.e., slicing/segmenting the corroded implant would not provide information from the whole corroded part of the implant. Therefore, the ideal approach should provide real-time data while corrosion of the implant is taking place without inducing physical constraint on the animal. Additionally, the data should represent what is happening in all affected locations of the implant rather than just segments of it (being spatially continuous). The latter is especially important when the absorbable implant is foam-like and the corroded surfaces occupy a very significant volume of the implant. The common medical diagnostic tools and instruments available in most medical facilities can be used to assess in-vivo corrosion of absorbable metal implants. The objective of the assessment is to obtain maximum detailed information from limited number of samples, i.e., implants and animals, by using each instrument. Therefore, considering the unique capabilities and limitations of each technique (Table 2), it can be used as a complementary tool beside others to obtain information, e.g., images, required for a comprehensive analysis. Most of those techniques provide segmental (spatially discontinuous) offline information, i.e., imaging, whilst corrosion is a time-dependent process. Even though MRI and USG can provide real-time images, their continuous use for in-vivo corrosion monitoring does not seem to be feasible, especially when they primarily were meant to be used for medical purposes.





4. Real-Time In-Vivo Corrosion Monitoring


In-vivo corrosion of metals is a continuous time-dependent process which cannot be perfectly investigated through the aforementioned medical-derived techniques, since they do not provide real time data corresponding to the continuous (non-segmented) geometry of the sample. In-vivo corrosion evaluation tools for absorbable metals should function based on the generation of metal and hydroxyl ions, electric current flow and hydrogen gas (for Mg) all of which constitute the nature of corrosion phenomenon. The change of physical properties of the implant due to corrosion could also be detected by a kind of sensor. In addition, the body response to corrosion could be associated with a detectable change in biomarkers. The existing in-vivo approaches for investigating the corrosion of absorbable metal implants can be grouped into: electrochemical-based monitoring system, biosensor-based monitoring system, microdialysis-based monitoring system and biomarker-based monitoring system.



4.1. Electrochemical-Based Monitoring System


An electrochemical-based monitoring system basically measures the behavior of analyte in a heterogeneous environment. When an electrode is placed in an electrolyte solution, a phase boundary forms between the solid electrode and the bulk solution. The barriers between the two phases produces electron movement (electric current) to the electrode which can be converted and measured as electric potential (voltage). This system has two general types; amperometric sensor circuit and potentiostat circuit [66]. The amperometric sensor circuit has three electrodes namely the working electrode, reference electrode and counter electrode (Figure 6a). Over the past five years, several systems have been developed to study the behavior of absorbable metals during corrosion in real-time. By developing a set-up composed of a vascular bioreactor (with circulation of simulated body fluid to simulate the dynamic in-vivo condition) and an electrochemical cell (attached to a potentiostat), (Figure 6b) Wang et al. [39] investigated the corrosion of a Mg alloy in-situ.



Another electrochemical-based system was developed to monitor the real-time corrosion of Mg, namely the corrosion characterization system [67]. This system (Figure 6c) consists of multiple electrochemical sensors such as capillary pH and Mg2+ sensors that measure the solution-soluble corrosion products of Mg oxidation in water, and an electrochemical impedance spectroscopy (EIS). The EIS monitors the changes in Faradaic and non-Faradaic impedances at the metal-solution interfaces at low and high-frequencies. The Faradaic impedance, shown in low frequencies spectrum, is generated due to the anodic and cathodic reactions, whilst the surface charging and occlusion by corrosion product or passivation can be monitored from the non-Faradaic impedances in the high frequencies spectrum [67]. Actually, the applicability of EIS has been found to be feasible for in-vivo measurements, such as to characterize the electrical bioimpedance of human lung tissue during the bronchoscopy procedure [68], and to monitor in-vivo corrosion monitoring and tissue discrimination in live mice [69]. However, Kuwabara et al. [70] noted that the EIS technique for in-vivo recording is limited by the electrode life as its quality and accuracy can change over time.




4.2. Sensor-Based Monitoring System


The sensor-based monitoring system may have some overlaps with that of electrochemical-based. A set-up developed by Zhao et al. [71] can be put in this category. In this non-invasive set-up (Figure 7a), the real-time concentration of hydrogen gas is measured by a micro-sensor, and they used it to study the corrosion behavior of an Mg alloy in-vivo (Figure 7b). In spite of the low level of the permeated hydrogen through the skin (30–400 μM), the sensor was able to detect it in a short response time of 30 s. This was depicted in the 3D visualization of the hydrogen permeation (Figure 7c) [72]. More thorough understanding of the corrosion behavior of Mg was achieved using Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) and XPS as complementary characterization techniques. It was found that presence of impurities contributed to the fast in-vivo corrosion of Mg samples [73]. The limitation of the introduced set-up is its dependence on hydrogen permeation through the skin, making it infeasible to monitor corrosion behavior of Mg implants located in deeper sites, e.g., plates implanted underneath the muscle and bone screws.



Considering the change in physical characteristics of an absorbable metal implant over time due to corrosion, Boutry et al. [76] developed a system from the metal itself (Figure 7d,e). It was a miniaturized wireless operation biodegradable radiofrequency-driven resistor–inductor–capacitor (RLC) resonator made of absorbable metals (Mg and its alloys, Fe and its alloys) and biodegradable conductive polymer composites (polycaprolactone–polypyrrole, polylactide–polypyrrole) [75]. They observed that the Mg alloy was the best metal to fabricate RLC resonators, as it possesses higher mechanical performance, high conductivity (high Q) and higher corrosion rate [76]. Further analyses are necessary to support the idea of using such a device for in-vivo corrosion monitoring of absorbable metal implants.



Another potential real-time in-vivo corrosion monitoring system can be developed by using a micro-needle biosensor. Li et al. [77] have designed, fabricated and characterized a micro-needle biosensor attached to a new smart catheter and equipped with LabVIEW data acquisition program that is capable of monitoring glucose and oxygen in patients with traumatic brain injuries. A similar technique was used on an invasive needle-type oxygen micro-sensor (microelectrode) for real-time monitoring of glucose in the brain [78]. The microelectrodes were made from a needle-type Pt/C fiber and a gold coated W-Au needle (50 µm diameter, 2 mm length, 3.147 mm2 of surface area). The robustness of the micro-needle biosensor including the response time, accuracy, precision and long-term stability was confirmed by Kojima et al. [79] when used as a minimally invasive glucose monitoring system. However, the applicability of micro-needle biosensor for in vivo corrosion monitoring of absorbable metal implants needs to be confirmed [80].




4.3. Microdialysis-Based Monitoring System


Microdialysis can be used for real-time assessment of both in-vivo and in-vitro corrosion of target substrates. It is based upon the detection of the released metal ions. It has been used to study the effect of pure Mg corrosion on the neighboring tissue in an isolated perfused bovine udder model (ex-vivo) [81]. The biocompatibility of the implant was evaluated by PGE2 and TNF-α used as inflammation indicators. They suggested that the concentration of Mg ions during corrosion and the biocompatibility of the pure Mg was acceptable. Although they have managed to evaluate the in-vivo behavior of the implant, the results have not yet been measured in real time. In another study, Ulrich et al. [82] investigated the corrosion behavior of Mg alloys using a set up based upon a micro-flow capillary (µFC) that was coupled online to an inductively coupled plasma mass spectrometer (ICP-MS) by a flow injection analyzing system (FIAS) (Figure 8a). It was suspected that the generated hydrogen bubbles inhibited sufficient distribution of the released elements in the circulating solution within the capillary, possibly leading to inaccurate results. Natasha et al. [83] developed an online monitoring system which consisted of a microdialysis probe (to collect the fluid surrounding the Mg implant) and a fabric-based electrochemical device (FED) (as a catalytic Mg biosensor), both of which were connected to a potentiostat (Figure 8b). The set-up indicated a pseudo-linear response of concentration with ion selectivity as high as 99% and high temporal resolution with little sampling time and volume of the fluid sample as low as 3 μL. This system could be further enhanced as a possible alternative for real time in-vivo assessment of absorbable Mg implants.




4.4. Biomarker-Based Monitoring System


As the absorbable metal implant interacts with the surrounding tissue, biological responses such as cell proliferation and systematic cellular migration are generated. Differentiation and proliferation of cells are marked by particular types of biochemical substrates, e.g., hormones, growth factors and other substrates released in the extracellular fluid. The substrates are used by particular cells for each body event in the course of cellular communication [84,85]. It is possible to take advantage of these substrates as biomarkers to monitor the in-vivo corrosion process of absorbable metals. Great potential sources of the biomarkers are body fluids which can be collected from the animal’s body either non-invasively, e.g., saliva, urine, milk and sweat, or invasively, e.g., cerebrospinal fluid and blood. Immunoassay-based analysis, e.g., enzyme-linked immunosorbent assay, enzyme immunoassay and radio immunoassay can be performed to study the biomarkers. Different types of biomaterials can induce different trends of released growth factor from the microenvironment. For example, osteoblast cells release a higher concentration of transforming growth factor-β1 (TGF-β1) after interacting with acrylic bone cement than that when they interact with bio-inert metal-based bio-inert implants such as cobalt chromium and titanium [86,87]. Therefore, such biomarkers can be potentially employed as markers to monitor the corrosion of absorbable metal implants.




4.5. Comparison of Real-Time In-Vivo Corrosion Monitoring Systems


Understanding the fundamentals of in-vivo corrosion of absorbable metal implants requires advanced techniques capable of monitoring the process in real-time. Currently, researchers are facing challenges in correlating the corrosion behavior of absorbable metals assessed in the in-vitro setting with that observed in the in-vivo condition. For instance, the optimized in-vitro corrosion rate of a well-designed alloy is often not replicated when tested in animal experiments. The current techniques utilized to quantitatively measure in-vivo corrosion parameters are limited to provide rather temporal and segmental information. The available potential techniques for real-time in-vivo corrosion monitoring offers some interesting capabilities but also some limitations (Table 3). Nevertheless, an optimal hybrid technique of sensor or sampling probes and data acquisition systems should be possible to develop. An ideal sensor or probe should be a minimum invasive device, such as micro-needle biosensor and microdialysis probe, and capable to detect multiple corrosion parameters, such as concentration of metal ions, hydrogen gas volume and electrical potential. A robust data acquisition and processing device is then necessary to collect and analyze the raw data and present them in terms of corrosion rate continuously. A data analysis algorithm should be developed to enable automatic processing with minimum human interference.





5. Conclusions


Correlating the in-vivo corrosion test results with those of the in-vitro tests is amongst the utmost challenges of the absorbable metal world. The challenge of discrepancy between the corrosion test results also applies to materials with identical chemical compositions but with different structures and processing histories. Fortunately, developing standard guides for absorbable metals has begun, and it is progressing well. As such, researchers can tackle the remaining challenges, thus promoting a faster clinical translation to meet the patients’ needs. ASTM has already published two standards for in-vitro corrosion and metallurgical evaluation of absorbable metals. However, the standards addressing the in-vivo corrosion and biological aspects are being developed by ISO. For the time being, the approaches to study the in-vivo corrosion of absorbable metals are adopted from those used for inert biomaterials, e.g., histology, implant retrieval and radiography imaging. These methods face limitations such as giving spatially discontinuous (segmented) offline results. Therefore, they do not perfectly reflect the corrosion of metals. Development of novel approaches for real-time monitoring and characterization of in-vivo corrosion should be considered as a leading direction for future works.
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Figure 1. Schematic of potential interaction between an absorbable metal-local tissue interactions followed by the body response. Corrosion starts as the implant is inserted, then the tissue reacts to this foreign body. Corrosion products formed and released into the tissue are fragmented from micron size down to ions, transported by the blood cells and passed into different tissue depending on the implantation site, i.e., bone, muscle, skin, etc. 
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Figure 2. Scanning Electron Microscope-Energy-Dispersive X-ray Spectroscopy (SEM-EDS) analysis on the corrosion product of some retrieval implants: (a) surface of an Fe-bioceramic plate after 10 weeks implanted in sheep having undissolved corrosion product; (b) cross section of AZ31B Mg alloy screw after 21 weeks implanted in rabbit with attached corrosion product having different chemical compositions at different points on the surface; (c) cross section of pure Fe pin after 52 weeks implanted in rat showing the composition of corrosion product on the surface that differs depending on the distance from the implant interface. Adapted with permission from Elsevier and John Wiley and Sons [13,52,53]. 
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Figure 3. Example of local and systemic histological assessment of tissue-implant interaction: (a) fluorescence image of Villanueva stain on Mg alloy-contained femoral bone of New Zealand white rabbits after 26 weeks of implantation indicating a formation or differentiation of bone cells at the tissue-implant interface, which would not appear when using general stain of Hematoxillin-Eosine; (b) Micro X-ray Fluorescence (µXRF) elemental mapping of explanted WZ21 Mg alloy from femoral bone of a Sprague-Dawley rat after 12 months of implantation showing an elemental map that helps to understand the spreading of corrosion product in the vicinity of the implant; (c) Prussian blue stain image of liver, heart and spleen of mice after nine months of exposure to Fe stent implantation depicting corrosion product deposit in the organ of interest as a way of systemic evaluation of organs toxicity. Adapted with permission from John Wiley and Sons [55,56,58]. 
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Figure 4. Qualitative and quantitative assessment of tissue-implant interaction: (a) ultrasonography (USG) image analysis of Fe-bioceramic plate in sheep as a way to quantitatively assess corrosion based on the reflected sound wave using ImageJ image processing software; (b) radiography-image analysis of porous Fe implant in a Sprague-Dawley rat using the same ImageJ software but based on the opacity of the X-ray image; (c) radiographic score system used for LANd442 Mg implant in New Zealand white rabbits over 4–10 weeks as another approach in qualitative assessment of bone tissue reaction and structure change of implant. Note: arrow tip = new bone tissue around the implant, short arrow = fluid around the implant, red star and white star-1 = implant, circle = bone, red triangle = implant, yellow triangle = muscle, long arrows: = structural loss, white star-2 = shape changes. Adapted with permission from Elsevier [51,61]. 
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Figure 5. Tissue-implant interaction assessment: (a) Micro-Computed Tomography (µCT) image of a high-purity Mg pin implanted in the femur of New Zealand white rabbits after 16 weeks enabling the visualization of implant morphological change both on the surface and the internal architecture and reaction of the attached hard tissue; (b) µCT image of pure Fe stent after 1 and 9 months implanted in tail veins of mice allowing a follow-up of detail morphological change of the stent during the corrosion process; (c) Magnetic Resonance Imaging (MRI) image of Fe stent after 3 days and 13 months implantation in the abdominal aorta of rabbit showing the detail structural change of the stent; (d) MRI image of Mg Herbert screw in chicken femoral bone showing a lesser artifact produced by absorbable metal implant than by inert implant. Adapted with permission from Elsevier and John Wiley and Sons [22,58,63,65]. 
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Figure 6. Electrochemical-based monitoring systems: (a) a three-electrode electrochemical cell of amperometric sensor; (b) an experimental setup to study the dynamic corrosion of an absorbable metal in-situ and in real time; (c) a corrosion characterization system instrument and cell configuration. Adapted with permission from Elsevier [39,66,67]. 
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Figure 7. Sensor-based corrosion monitoring system: (a) hydrogen micro-sensor assembled on a micromanipulator for measuring hydrogen transdermally from a Mg alloy implanted subcutaneously in a mouse where the sensor tip is in a direct contact with the mouse skin; (b) photograph of an anaesthetized nude mouse with marked measurement points, and color development of thin film visual hydrogen sensor at two different observation times; (c) 3D reconstruction of the brightness change in the hydrogen sensor area at 213 min and associated volume change of the Mg implant; (d) design of a fully biodegradable sensor (wireless telemetry with inductive link); (e) resistor–inductor–capacitor (RLC) resonators made of absorbable materials. Adapted with permission from Elsevier and Springer Nature [72,74,75]. 
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Figure 8. Experimental setup of: (a) micro-flow-capillary-coupled Inductively Coupled Plasma Mass Spectrometer (ICP-MS); (b) coupled microdialysis probe-fabric-based electrochemical device (FED) biosensor connected to a potentiostat (inset: dialysate is dropped at the reaction region of the biosensor that was immobilized with the GK and GPOx enzymes to detect Mg2+ ions via enzymes cascade reaction). Adapted with permission from Elsevier and Springer Nature [82,83]. 
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Table 1. Examples of corrosion control methods for absorbable metals.






Table 1. Examples of corrosion control methods for absorbable metals.





	Materials
	Corrosion Test Method and Result
	Understanding





	Fe-Ga alloy system: Fe81Ga19, (Fe81Ga19)98B2 and (Fe81Ga19)99.5(TaC)0.5 fabricated by arc melting process [6]
	Method: Potentiodynamic polarization and immersion tests in simulated body fluid (SBF) at 37 °C up to 28 days.

Results: In ascending order, the corrosion rate (in mm/year) of pure Fe, Fe81Ga19)99.5(TaC)0.5, Fe81Ga19, and Fe81Ga19)99.5(TaC)0.5 are 0.13 ± 0.03, 0.33 ± 0.11, 0.48 ± 0.16 and 0.63 ± 0.33, respectively
	Increasing reactive Ga reduced the corrosion resistance. However, adding ternary B or TaC induced extremely significant pitting corrosion as the result of forming multi-phases on the surface



	Silver ion was implanted onto pure Fe using a metal vapor vacuum arc technique [23]
	Method: Potentiodynamic polarization, electrochemical impedance spectroscopy and immersion tests in Hanks’ solution at 37 °C up to 30 days.

Results: The corrosion rates (in mg/cm2.day) of silver ion-implanted pure Fe were 0.101 (polarization) and 0.055 (immersion), higher than those of pure Fe which were 0.058 (polarization) and 0.048 (immersion)
	A rise in the corrosion rate and obtaining more uniform corrosion was attributed to the microgalvanic reaction of Fe matrix and Ag2O particles



	Pure Fe foam-poly(lactic-co-glycolic acid) or Fe-PLGA composite fabricated by a vacuum infiltration technique [24]
	Method: Potentiodynamic polarization and immersion tests in phosphate-buffered solution (PBS) at 37 °C up to 28 days.

Results: The corrosion rates of PLGA-infiltrated porous Fe was 0.72 mm/year, which is higher than that of PLGA-coated porous Fe (0.42 mm/year) and pure porous Fe (0.11 mm/year)
	The dissolution effect of the polymer as well as its interfacial reaction with Fe substrate accelerated the corrosion



	Ultrahigh purity Mg fabricated via casting and via extrusion [27]
	Method: Immersion test (hydrogen evolution) in NaHCO3/CO2-buffered simulated body fluid (SBF) at 37 °C up to 14 days.

Results: Corrosion rate of as-cast ultrahigh purity Mg was 10 ± 3 µm/year, which is lower than the as-extruded one (28 ± 2 µm/year), and high purity Mg (39 ± 3 µm/year)
	The increase of corrosion rate was due to the influence of Fe-containing precipitates formed during casting, showing the important role of impurities is deteriorating the corrosion resistance of Mg



	AZ31 Mg alloy coated with hydroxyapatite (HA) and with octacalcium phosphate (OCP) using a single-step chemical solution deposition method [31]
	Method: Long-term immersion test (up to 365 days) in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 vol.% fetal bovine serum buffered with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at 37 °C and refreshed periodically.

Results: From the measurement of Mg ion release, the HA-coated AZ31 alloy corroded at 0.056 mg/day or ∼20% slower than the OCP-coated (0.072 mg/day) which both slower than that of uncoated one (0.12 mg/day)
	The coating added a corrosion barrier where its resistance and stability were higher for the OCP coating than those of the HA coating



	ZM21 Mg alloy spin-coated with four different biodegradable polymers: PLGA, poly(l-lactide acid) (PLLA), poly(3-hydroxybutyrate) (PHB), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHH) [32]
	Method: Electrochemical impedance spectroscopy and immersion tests in DMEM supplemented by 10% (v/v) fetal bovine serum (FBS) pre-conditioned at 37 °C up to 28 days.

Results: The weight loss (in μg/mm2) decreased from ~55 for uncoated sample to ~30 for PLGA-coated, and to ~15 for other coated samples (PLLA, PHB, PHH)
	The lower corrosion rates of PLLA-, PHB- and PHH-coated samples compared to that of PLGA-coated sample were related to their higher coating resistance due to their lower water permeability
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Table 2. Comparison of capabilities and limitations of common techniques for in-vivo corrosion assessment of absorbable metal implants.
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	Technique
	Capability
	Limitation





	SEM and EDS
	Morphological imaging of retrieved implant and on-the-spot semi-quantitative chemical composition analysis
	Unable to image the internal structure of the implant except on the cross-section obtained from cutting the sample



	FTIR, XPS, XRD
	Chemical composition analysis on the surface of retrieved implant, determine organic/inorganic compounds
	Cross-sectioning is needed for sub-surface analysis



	Histology
	A gold standard for tissue-implant reaction analysis, reveal cellular morphology at micro-scale level and tissue reaction by using contrast stain for specific targeted biomarkers
	An invasive procedure requiring biopsy or animal sacrifice, requires a large number of animals to obtain acceptable statistical precision



	USG
	A gold standard for real-time soft tissue imaging, non-invasive, image tissue formation in 2D, and fluid-containing organ in 3D (i.e., vesical urinary and blood vessel), visual qualitative analysis sonograms
	Unable to image the internal structure of hard implant nor hard tissue



	X-ray radiography
	A gold standard for non-invasive hard tissue imaging, produce 2D image of gross tissue (combination of hard and soft tissue), image nearly all biomaterials, similar to USG, qualitative analysis by visual observation of radiographs, quantitative analysis by means of image processing software
	Require multiple images of difference angles to assess one implant, difficult to differentiate a ceramic-based material from natural bone matrix due to their similar opacity, special precaution to handle radiation effect



	μCT
	Enhanced capabilities of X-ray radiography with possibility to generate a complete 3D image, as a product of stacking discontinuous 2D slices, of an implant and its surrounding tissue
	A special preparation for animal handling and requirement for restraining the animal such as general anesthesia is needed to avoid motion during imaging



	MRI
	The most advanced non-invasive medical diagnostic tool for real-time soft and hard tissue imaging
	Unable to image magnetized metallic implant, metallic implant produces artifacts
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Table 3. Comparison of capabilities and limitations of available systems for real-time in-vivo corrosion monitoring of absorbable metal implants.
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	Technique
	Capability
	Limitation





	Electrochemical-based monitoring system
	Quantitatively measure corrosion rate and electrochemical properties of corroded surface in short-time (accelerated process)
	Unable to perform continuous in-vivo corrosion measurement due to limited electrode life or performance



	Sensor-based monitoring system
	Accurately measure certain corrosion parameters using specific sensors, e.g., H2 sensor, Mg ion sensor, possible use for real-time and continuous in-vivo corrosion monitoring as the sensor is connected to a data acquisition device
	Requires special signal processing and/or image processing algorithm to process the raw data to represent the corrosion rate parameter



	Microdialysis-based monitoring system
	Potential to be developed into online monitoring when microdialysis probe is connected to a data acquisition device
	Limited probe life/performance due to possible biofouling, challenging calibration procedure



	Biomarker-based monitoring system
	Indirect in-vivo corrosion monitoring based on biomarkers in body fluid assessment
	Low accuracy due to indirect relationship with the corroded implant











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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