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Revolutionizing 
biodegradable metals

Development of biodegradable metal implants is a complex problem 
because it combines engineering and medical requirements for a material. 
This article discusses the development of sensing and corrosion control 
techniques that can help in the design of biodegradable metallic implants. 
Biodegradable metallic implants dissolve as new tissue is formed. One 
of the most important factors in the design of biodegradable implants is 
to study the active interface, which should be monitored and controlled 
to address the medical concern of biocompatibility. Thus miniaturized 
and nanotechnology-based sensors that measure the activities of the 
degradation process and the formation of tissue are discussed for use 
with in vitro and in vivo experiments. These sensors can monitor chemical 
components and also cell activity and can provide new knowledge about 
biodegradable interfaces and how to actively control the interface to 
provide the best bioactivity to regenerate new tissue in a short time. 
Development of new alloys, nano-materials, miniature sensors, corrosion 
control coatings, and auxiliary applications such as biodegradable drug 
delivery capsules is expected to open up a new era in the engineering of 
materials for medicine.
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Importance of biodegradable metallic 
implants
Market research indicators put the total US biomedical implant 

market at about US$27bn, the biocompatible materials market 

at about US$11bn, the microelectronics medical implant market 

at about US$12bn, and these markets are increasing at about 

nine percent per year. Writers and inventors like Robert Freitas, 

Justin Rattner, and Ray Kurzweil are describing the interfacing 

of men and machines. The national institutes of health roadmap 

plan and national science foundation programs are producing 

phenomenal progress in biomedical research. These are examples 

of the increasing spotlight on developing engineered systems 

that can interface with the human body and that promise to 

improve our quality of life and reduce our costs for health care. 

Biodegradable systems in particular offer large advantages in 

specific applications over implants used today. The promise is 

that new kinds of implants based on biodegradable metals such as 

magnesium and iron can adapt to the human body in which they 

are implanted and eventually dissolve when no longer needed. 

That would spare patients such as children suffering from cleft 

palate or with fractures, angular deformities of long bones, or limb 

length discrepancies the pain and expense of multiple procedures 

used to implant, then later remove, refit and re-implant the 

current generation of devices. As another example, metallic 

wire mesh stents are currently used for millions of people to 

treat blockages in the coronary artery or at other locations in 

the circulatory system. In a small percentage of cases the stent 

may elicit an immune response that leads to the growth of scar 

tissue and the formation of blood clots. If blockages form again, 

these stents are difficult to remove and additional stents must 

be inserted. Using biodegradable stents could avert this cycle 

and minimize the number of invasive procedures. Biodegradable 

stents as well as most proposed biodegradable implants will 

have their own target and market as in this case of younger 

patients having congenital heart disease or adult patients that 

are prone to restenosis. This article surveys the literature and 

covers a wide area to describe activities that are underway to 

make biodegradable metals practical. Included are new techniques 

to produce tunable degradable metallic implants, innovative 

coating technologies to yield special surface functionalities, new 

materials, and methods to develop nanodevices for monitoring 

implants.

Corrosion monitoring of implants
Corrosion mechanism 
The standard electrode potential of magnesium (Mg) is -2.37 V 

measured against a standard hydrogen electrode (SHE), which is given 

a standard electrode potential of zero volts. This standard potential is 

so negative that Mg is widely used for sacrificial anodes for cathodic 

metal protection. The corrosion rate of Mg is very low in air, but is 

high in chlorides and sulphate solutions. As shown in the Pourbaix 

(Potential-pH) diagram in Fig. 1a, Mg corrosion can be controlled 

by changing the local pH or potential. The degradation processes 

of biodegradable Mg implants are complex1-10. Mg is dissociated 

by a corrosion reaction with water to produce a crystalline film 

of magnesium hydroxide and hydrogen, and Mg particles are also 

mechanically detached by hydrogen stress cracking. Fig. 1b shows a 

schematic of Mg corrosion. The important reaction products to look at 

Fig. 1 Corrosion characteristics of Mg: (a) Equilibrium of Mg-H2O systems in the presence of H2 at 25 °C (modified from7); (b) Schematic representation of Mg 
degradation, Mg dissolves as Mg2+ which reacts with water, generates hydrogen bubbles, creates hydroxyl groups, and increases pH. Micro-bubbles that get 
larger and float in the air are generated from pitting or active corrosion sites. Dissolved divalent Mg2+ ions react with hydroxyl groups (OH--) and precipitate as Mg 
hydroxide. Also, a passive interlayer of Mg hydroxide or Mg oxide is formed on the degradation surface.

(b)(a)
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for biological applications are hydrogen evolution (H2), hydroxyl groups 

(OH--), and magnesium hydroxide (Mg(OH)2). 

Compared to conventional metals such as aluminum and iron 

and their alloys, Mg and Mg alloys have an unusual corrosion 

behavior. For example, Song et al. suggested a different corrosion 

mechanism of Mg and its alloys called the negative difference effect 

(NDE) which describes the phenomenon that the rate of hydrogen 

evolution increases with increasing anodic polarization of magnesium. 

Besides typical electrochemical corrosion, it is well known that Mg 

also exhibits physical detachment of metal portions from the anodic 

metal called the chunk effect1. Jian Chen et al.2 suggested that Mg 

hydride could fail by brittle fracture. Stress caused by hydrogen 

pressure called hydrogen embrittlement (HE)3-4 occurs along grain 

boundaries and dislocations and can cause brittle fracture. Our 

group also confirmed the embrittlement behavior of pure Mg during 

corrosion as shown in Fig. 2a. Design of hardware such as the 

Mg screw shown in Fig. 2b therefore must include evaluating the 

strength of the part as it corrodes and developing coatings and alloys 

that produce the desired corrosion rate and reduction in strength with 

time.

Typical characteristics of Mg corrosion are described next. Mg 

hydroxide called Milk of Magnesia or brucite which has low solubility 

in water can be formed after particles physically detach from a Mg 

metal surface. Also, hydrogen bubbles start to grow on the corrosion 

sites. This is a problem because in the body hydrogen gas is difficult to 

release to the atmosphere (a needle might be used), and hydrogen gas 

causes a toxic effect to tissue. During corrosion, for pure Mg, 1 ml of 

H2 is evolved for every 1 mg of Mg that is dissolved5. Another concern 

is that the local pH increases at the implant due to the hydroxyl 

groups. High pH inhibits cell proliferation and tissue formation. In a 

static solution, pH can increase up to ten5. These problems may be 

more severe in a laboratory bench top experiment than in the body. 

What is really happening in vivo in a cardiovascular situation can be 

more accurately simulated in vitro by using an electrolyte having 

appropriate chloride, phosphate, and protein concentrations, by 

applying a mechanical stimulus, and using a flow-cell environment with 

convection and diffusion6. The increase of pH on the corroding surface 

can be neutralized in the body’s buffered solutions and through shear 

flow systemically. But increasing the flow rate increases the corrosion 

rate of biodegradable implants and the mechanical stimulus creates 

stress-corrosion cracking, pit-growth, and fatigue corrosion. Thus, 

careful optimization is needed to design biodegradable implants. As 

an example of Mg alloy design, the use of lithium in Mg increased the 

pH which stabilized the Mg hydroxide film on the corroding surface9. 

Weight loss measurement after immersing a metal in a specific solution 

provides a general idea of the corrosion rate. The corrosion rate can be 

controlled by injecting current into the implant or coating the implant 

with apatite10, phosphate, silane, or other coatings. Surface treatments 

such as electro or electro-less plating, anodization, inhibitors, or organic 

coatings are used for corrosion protection. 

Corrosion simulation 
Multi-physics software11 is very useful to analyze fluidics, corrosion 

behavior, loss of mechanical properties, chemical reaction by diffusion, 

and tissue regeneration. Data generated might be be integrated with 

intracellular signaling and network models to predict an implant’s 

biocompatibility and find hidden relationships that help explain toxicity. 

Fig. 3a shows a corrosion model, which consists of an intermetallic 

particle (IMP), a Mg anodic metal, and insulation. The IMP plays the 

role of a cathode in micro-galvanic Mg corrosion which is represented 

by a 20 μm radius disk surrounded by the Mg bulk material. In 

the real world, this situation represents an intermetallic particle 

Fig. 2. Corrosion of components: (a) environmental scanning electron microscope (ESEM) image of Mg (99.9% purity) after 24 hour immersion in 0.15 M NaCl; 
(b) a Mg-4% wt Yitrium alloy screw. After a severe injury of the anterior cruciate ligament (ACL), repair screws may be used as part of reconstruction surgery. 
Biodegradable screws may return the joint closer to its original condition.

(b)(a)
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embedded in a large Mg matrix which may occur due to impurities 

or alloying elements in the base material. As shown in Fig. 3b, Mg ion 

concentration sharply increases on the boundary between the anodic 

and cathodic region as the pH in the solution decreases. This shows 

that Mg tends to corrode rapidly in an acid solution as compared to a 

neutral or alkaline solution. Miniature sensors will be used to measure 

the concentrations of chemicals spatially and temporally to verify 

results of the modeling.

Corrosion sensors
A miniaturized potentiostat to measure electrochemical polarization, 

corrosion current, and open circuit potential can be developed as 

a corrosion sensor. The working electrode can be embedded into a 

biodegradable metal, which can measure current, open circuit potential, 

surface resistance, and surface capacitance13-26. Electrochemical 

methods can be simply applied to measure specific cases of corrosion 

such as the corrosion rate with time, the initiation of crevice corrosion, 

and stress corrosion cracking. Also, evaluation of coating layers and 

breakdown of the coating layers on biodegradable implants can 

be detected. Optical-based corrosion sensors were developed by 

depositing specific materials such as a nickel-phosphorus layer27 or 

a Fe–C alloy layer28 on the unclad area of an optical fiber. Optical 

transmission power dropped with the loss of this coating layer. Optical 

interferometry28 was also used to measure corrosion. Depositing 

Fig. 3 COMSOL11 simulation model: (a) Schematic geometry and boundary conditions; and (b) spatial distribution of Mg2+ ion concentration with different pH.

(b)(a)

Fig. 4 DC polarization testing to evaluate the corrosion properties of different Mg materials after 48 hrs immersion in simulated body fluid. The corrosion potential in 
volts relative to a reference electrode is plotted versus the corrosion current density. Corrosion rate is proportional to corrosion current density. 
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fluorescent dyes on the corroding metal is another way to visualize 

the corrosion process29-31 and the change in the local pH32. Portable 

UV lamps can be used to visualize the loss of a coating layer. Julie 

Levesque et al.33 developed a test bed to reproduce the physiological 

conditions in which stents are subjected when implanted in coronary 

arteries. DC polarization testing is useful to evaluate the corrosion 

properties of different metals. Comparison of the corrosion of different 

Mg materials after 48 hrs immersion in simulated body fluid (SBF) 

is shown in Fig. 4. A prototype Mg has a lower initial corrosion rate 

than other materials tested. Further testing and scale up of the 

material processing approach is needed to determine if the prototype 

is a candidate implant material. A potentiostat used as a sensor can 

monitor the corrosion of an implant with time.

Wireless corrosion monitoring 
Monitoring a biomedical implant while it is corroding in the body can 

help to understand the corrosion process for a specific application and 

also verify that the implant is not degrading too quickly or too slowly 

for a particular person. Ideally, the implant should follow an optimal 

dissolution response. During the initial stages, the implant must 

carry load and allow the injury to heal slowly. As the injury heals, the 

implant should gradually degrade and transfer increasing load to the 

body until the body fully recovers or heals. Additionally, the corrosion 

rate should be slow enough so that the implant does not fracture 

under load and the concentration of the corrosion by-products does 

not exceed the limit the body can tolerate34. A wireless eddy current 

technique for monitoring the corrosion of a Mg implant is being 

developed. This approach is safe, simple, and low cost as compared to 

X-ray or magnetic resonance imaging techniques. The eddy current 

method works on the principle of applying an AC current to a primary 

coil which generates a magnetic field in and around it. When an 

electrical conductor comes in close proximity to this magnetic field, 

electrical currents called ‘eddy currents’ are induced in the conductor35. 

The eddy currents create a magnetic field that opposes the field 

that created the eddy current. The effect of the eddy current can be 

measured by winding a secondary coil (output) within the primary coil 

(input). Coupling between the two coils is reduced when a conductor 

comes within the magnetic field. Typically eddy current is used to find 

cracks in aluminum aircraft or corrosion in steel pipelines. 

An experiment was performed to simulate monitoring the 

corrosion of an implant in the human body. A Mg-Y 4% plate 

25.4 x 15.8 x 3.2 mm was weighed then immersed in a beaker 

containing a high (10x) concentration phosphate buffered saline (PBS) 

solution to accelerate the corrosion process and shorten the test time. 

The beaker wall represents skin while the PBS solution represents the 

body environment. The flexible coil was wrapped around the outside 

of the beaker to generate a magnetic field that couples to the Mg 

implant. The distance between the coil and the implant was 10 mm. 

When the Mg plate is first put into the electrolyte, the maximum 

electrical conductivity and eddy currents occur in the plate and the 

output voltage of the secondary coil is the smallest. As the implant 

corrodes, the voltage of the output coil gradually increases because 

the size of the implant is decreasing and hence producing smaller eddy 

currents. The maximum output voltage occurs when the implant is 

completely dissolved. The excitation voltage was turned off when the 

measurement was not being made because eddy currents may affect 

the corrosion rate of the implant. A schematic of the experimental 

setup is shown in Fig. 5a. The voltage change versus reduction in 

weight of the implant is graphed in Fig. 5b. The weight of the implant 

increases slightly at the beginning of the test due to build-up of an 

oxide or hydroxide layer on the Mg surface. After 2 days the weight 

of the Mg plate began decreasing. As the weight loss of the Mg plate 

increases, the voltage of the output coil also increases. The change 

in voltage (ΔV) was obtained by subtracting the output voltage at 

Fig. 5 Corrosion monitoring of a Mg-Y 4% alloy in a concentrated 10x PBS solution: (a) schematic of the experimental setup and photos of the Mg implant at the 
beginning with 0% corrosion and when the implant is 85% dissolved after 12 days; (b) change in voltage versus reduction in weight of the implant.

(b)(a)
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the beginning of the experiment from the output voltage measured 

each day during the test. Once this experiment is run for a specific 

condition, the implant can be used in the human body and voltage data 

recorded. Then the percent corrosion of the implant can be determined 

using a curve like Fig. 5b. Also, any abnormality like fast or slow 

corrosion or fracture of the implant might be detected. The remaining 

life of the implant can also be predicted based on the corrosion 

profile. The accuracy of this approach depends on how well the in vitro 

simulation matches the environment in the body. A next step is to 

put the implant in an animal model and measure the voltage versus 

time as the implant corrodes. X-ray imaging could be used to indicate 

the percent corrosion of the implant in the animal. Further research in 

the area of corrosion measurement will focus on optimizing the eddy 

current coil geometry, e.g. using a larger coil, potentially using CNT 

thread to replace copper as the coil material, and increasing the current 

to improve the sensitivity of corrosion measurement. Also needed 

is to perform the measurement when the implant is placed deep in 

the body. Evaluating the corrosion monitoring technique for different 

Mg alloys, porous implants, and different coatings on implants is also 

planned.

Chemical sensors to characterize the 
interface at the implant 
The biodegradation of metal implants such as Mg alloys releases 

chemicals into the adjacent biological fluid and tissue. Since larger size 

sensors already exist for some of these chemicals such as hydrogen ion 

(H+), ionized Mg (Mg2+), and dissolved hydrogen, the species in the 

bulk solution could be monitored by sensors during the biodegradation 

process. Although such information could be very useful in developing 

appropriate biomaterials, little use of sensors has been made thus far. 

As described in this section, sensors have already been demonstrated 

in other biological studies, which provide encouragement that they 

could also be effective for use in developing biodegradable metal 

implants. 

pH sensor 
Local pH is an important parameter in the corrosion of biodegradable 

metallic implants, since the pH at or near the metal/tissue interface 

affects the rate of the corrosion reaction and provides information 

about the process itself. A reliable and implantable pH sensor is 

therefore required for the metallic implant. Hydrogen ions are involved 

in most life processes, and different ways have been developed to 

measure the pH in single cells and plasma. Here we discuss several 

kinds of pH sensor and the possibility for sensing at the implant.

Glass pH electrodes have been studied for more than 70 years and 

because of their excellent selectivity have become the standard pH 

sensor for the bulk solution36,37. However, glass electrodes are fragile, 

difficult to shrink, and prone to bio-fouling, which limits their use 

in vivo, and so glass pH electrodes are mostly used in vitro38. Since the 

1960s, the oxide electrode systems known as solid state ion selective 

electrodes have been studied for measuring pH39. Cammilli et al.40 

described a pH electrode based on iridium/iridium oxide and 

implanted it in the right ventricle of rats. A stable pH response 

could be maintained for a 40-day period of implantation. However, 

metal/metal oxide electrodes are subject to severe interference from 

other electroactive species in blood, such as ascorbic acid and uric 

acid41. Since 1970, ion sensitive field-effect transistors (ISFETs) have 

evolved into a new type of chemical-sensing electrode. The ISFET is 

a modified metal oxide semiconductor FET in which the metal oxide 

gate is replaced by an ion-sensitive membrane. Instead of measuring 

the potential difference, ISFET uses the potential to control the current 

flow between the source and the drain regions. Thus, the current is 

used to monitor the analyte activity. ISFET’s can be easily miniaturized 

and mass produced as multiple sensing elements incorporated into 

one chip. Currently, most implantable ISEFTs are used to monitor 

electrolytes (K+, Ca2+ and Na+) in blood. Commercializing implantable 

ISEFT sensors poses problems that may require considerable effort to 

fix such as specialized packaging, burn-in periods, or compensation to 

correct for drift during continuous in vivo monitoring41. 

Optical and fiber-optic pH sensors have advantages over glass 

electrodes in that they are immune from electrical interference, can be 

miniaturized, and may be used for remote sensing and in vivo tests42. 

Most optical pH sensors are based on pH indicators immobilized on/in 

solid substrates, and fabricated in the form of membranes or thin films 

coated on transparent solid supports. However, most fiber-optic pH 

sensors are fabricated by attaching the sensing elements to the end 

of an optical fiber, or by direct coating. This kind of optical pH sensor 

has been used to measure intracellular pH inside individual biological 

cells and in blood for clinical tests43. Commercial implantable optical 

pH microsensors have been developed by the PreSens Precision Sensing 

Company based on a glass-fiber tip. This kind of sensor has a long cable 

connected with the tip, and is not convenient.

The development of carbon nanotubes (CNTs) since 199144 

has provoked their use in a wide variety of applications including 

nanoelectronics and various types of sensors44-47. CNTs functionalized 

with the carboxyl group (-COOH) on a glassy carbon electrode were 

used to detect pH by Weber48. Kwon made a sprayed CNT sensor 

that shows an amperometric response in buffer solutions at different 

pHs49. In 2007, a layer-by-layer CNT-polyelectrolyte thin film to sense 

corrosion that can stand extreme loading was developed by Loh50. 

The pH-dependent conductance properties of CNT multilayer thin-

film sensors were reported by Lee51. Other pH sensing based on CNTs 

includes attaching pH sensitive molecules to CNTs52,53 and decorating 

them with fluorescent molecules54,55. Graphene, an allotrope of 

carbon, has stimulated intense interest recently because of its potential 

applications in ultrafast electronics56,57. The sensitivity response of 

graphene to surface charge or ion density makes it possible to make a 

pH sensor58.
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Sensing the evolution of hydrogen gas from 
Mg implants 
During the corrosion of Mg in an aqueous and chloride containing 

environment such as the human body, electrons released by the 

corroding Mg reduce water, and cathodic hydrogen gas is evolved. It 

would be desirable to measure the amount of hydrogen gas in the body 

to determine if toxic levels are being formed59,60. While many methods 

for detecting hydrogen gas are recently established for transportation, 

petrochemical, aerospace, and energy61, they are not suitable for 

making measurements in biological samples. However, since the late 

1950s hydrogen gas has been used as an indicator substance for in vivo 

measurement of local blood flow in the body61,62. Hyman63 established 

a technique to measure and quantify hydrogen gas in the blood stream. 

On this background a sensor to measure the hydrogen evolution next 

to an implant could be developed. 

Mg2+ sensors 
Mg ion selective electrodes are an effective way to monitor Mg2+ in 

biological matrices allowing the degradation of candidate implant 

materials to be monitored in real time. It is equally important to 

monitor localized Mg2+ concentrations near, or adjacent to, the 

implant for in vivo and cell culturing experiments. In this situation, 

very small implantable sensors can be used. This requires electrodes 

for use near living tissue. The majority of Mg ion selective electrode 

(ISE) technologies use a liquid type membrane impregnated with 

an ionophore that has selectivity towards Mg2+. Intracellular 

measurements of Mg2+ are the focus for much of the research 

associated with micro ISEs. Micro ion selective electrodes made from 

glass capillaries with a liquid type membrane that respond to Mg2+ 

have existed since the late 1960s and a significant amount of research 

has concentrated on their usefulness in biological applications64-66. 

Larger liquid membrane ISEs are used routinely in clinical chemical 

analyzers that monitor a variety of biologically relevant ions in 

blood67,68. While progress has been made since the inception of the 

ISE, there are still some problems associated with the traditional liquid 

membrane ISEs. The lifetimes of liquid membrane electrodes are short 

(days) compared to glass membrane electrodes (pH), which can last 

for years69. Typically, Mg ISEs suffer from interference from alkali and 

alkali earth metal ions, with the divalent cations causing the most 

interference. As an alternative to liquid membrane electrodes, solid 

state ISEs are being developed that mitigate some of the problems 

associated with the liquid membrane electrodes70. Solid state 

electrodes are easier to maintain and have a longer useful lifespan than 

traditional capillary electrodes71. Additionally, solid-state ISEs are easier 

to miniaturize than traditional capillary electrodes72. Making use of 

CNT seems likely to revolutionize the solid state ISE design as electrode 

sizes are pushed to the limits of miniaturization. 

Sensors used in scanning electrochemical microscopy
Scanning electrochemical microscopy (SECM) is an electrochemical 

technique that is analogous to atomic force microscopy (AFM), 

but uses miniature sensors to map out localized concentrations 

of ions adjacent to a surface. Miniature sensors for Mg2+ and pH 

enable SECM to be used to study ion gradients and the degradation 

of implants on the micrometer scale. Lamaka et al. demonstrated 

the use of Mg2+ and pH ISEs to map ion concentrations above a 

degrading Mg sample73. The technique gives a detailed picture of 

the dissolution of Mg implant candidate materials on the microscale. 

Studying the initiation of micro pitting of metals is an area where 

SECM is shown to be useful74. Biocoatings that release drugs or 

retard implant degradation are thought to be integral to degradable 

implants. The effects of biodegradable coatings on the implant and 

adhering cells, and mineralization on the localized dissolution rates of 

Mg should be observable using SECM. Using SECM as a tool to study 

thin films and their interaction with metal substrates is reported75. 

The resolution of SECM is limited by electrode size. Thus the 

Fig. 6 Nanotube electrode with small size and large surface area for high sensitivity (magnification increases L to R). This electrode was formed in an ESEM using a 
Kleindiek nanomanipulator.
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advances in sensor miniaturization described are important to allow 

the resolution of SECM to further push the limits of ISE microscopy 

towards increasingly detailed data. For all the sensor types described 

above, development of CNT electrodes as shown in Fig. 6 may provide 

advantages of inert behavior, good strength, small size, and large 

surface area to volume. 

Cell based sensors to study toxicity
Once a biodegradable metallic implant is designed, in vitro 

experimentation is necessary to determine whether cells will attach to 

the implant’s surface or not. If cells do not like a biodegradable implant, 

the cell will either migrate away from the site or even worse, the cell 

will die either by apoptosis (programmed cell death) or necrosis. In 

the case of necrosis, the cell loses membrane integrity and dies rapidly 

as a result of cell lysis. In the case of apoptosis, the cell stops actively 

growing and activates a specific gene network for controlled cell 

death. Apoptosis and necrosis assays are commercially available. Also 

initial cell proliferation and cytotoxicity screening can be done using 

commercial assay techniques. Total internal reflection fluorescence, 

two photon microscopy, a microplate reader, and confocal microscopes 

are widely used. Flow cytometry for cell separation, fluorescence 

resonance energy transfer (FRET), photobleaching, and ratiometric dyes 

for intracellular membrane potential, pH, Ca2+, and Mg2+ are available. 

These methods are based on colorimetric and fluorescence, which 

need washing steps and are in general impossible to use for real-time 

monitoring. Biodegradable metals will dissolve during PBS washing 

and antibody incubation, which causes cells to wash away from the 

implant surface. In fact, the corrosion rate is much higher in PBS than 

in cell culture medium. Another point is the biodegradable metal is 

not transparent which limits the use of optical microscopes. Thus, 

new engineering tools for noninvasive diagnostic and nondestructive 

structural analysis are needed to identify and investigate tissue and 

cell response such as cell migration, proliferation, and attachment on 

the biodegradable metal surface. New instruments should be tuned to 

specific orthopedic, neural, and cardiovascular applications. Engineering 

methods such as surface plasmon resonance (SPR), surface enhanced 

Raman spectroscopy (SERS), imprint-lithography, and electrode-cell 

impedance sensing (ECIS) are being actively studied coupled with 

nanotechnology. Cell activity measurement is illustrated using ECIS in a 

Mg conditioned medium. If we assume that biodegradable Mg implants 

mainly dissolve as divalent Mg ions (Mg2+), the effect of Mg ions on 

cell behavior is important. As shown in Fig. 7a, a real time monitoring 

technique based on ECIS was used for measuring cell proliferation, 

migration, adhesion, and cytotoxicity in Mg conditioned media. Fig. 7b 

shows that as the concentration of Mg increases the impedance 

decreases due to cell death. Fewer cells on the ECIS electrode reduces 

the electrical impedance.

Real time monitoring for biodegradable implant corrosion, 

breakdown of the corrosion inhibition coating, behavior of the 

extracellular matrix coating, new tissue formation, and the effect of 

drugs are important. Further incorporation of ECIS with bioreactors 

coupled with microfluidic channels and mechanical stimulators 

can mimic a more realistic environment for the implant. Complex 

metallic materials which are porous, have nano-roughness, or 

3-dimensional structure are in demand for specific applications. 

To study these materials, a more quantitative way to monitor cell 

interaction with pH and hydrogen will be important. Hydrogen gas 

in a small amount can be used as an antioxidant agent which can 

effectively neutralize OH in a living cell76. Thus slow degradation of 

a biodegradable implant is critical for biocompatibility. Fig. 8 shows 

osteoblast U2-OS cell behavior on a Mg substrate patterned by photo-

lithography. U2-OS cells interestingly migrated to and spread on the 

Mg surface. 

Coating implants with bioactive materials such as hydroxyapatite 

can improve cell adhesion. The transmembrane protein integrin is a 

cell-adhesion molecule which senses a signal from the environment 

Fig. 7 Electrode-cell impedance sensing system; (a) schematic of the ECIS principle for osteoblast cell reaction in a Mg conditioned medium; (b) impedance 
response for different Mg concentrations.

(a) (b)
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such as from the extracellular matrix to the inside of the cell through 

the cytoskeleton and results in the expression of growth factors and 

cytokines. Coating the surface of implants using integrin-stimulating 

agents helps cell adhesion to the implant. Arginine-glycine-aspartic 

acid (RGD) is well known for the affinity for integrins. Also an 

extracellular matrix coating such as collagen is another way to improve 

biocompatibility. 

In vivo imaging of implants
Non-invasive in vivo visualization of Mg and its alloys is important 

to measure implant stability and osteointegration. X-ray 

microtomography (micro-CT) has the spatial resolution from mm 

to μm which is useful for small animal testing. Now X-ray CT or 

magnetic resonance imaging (MRI) systems are combined with positron 

emission tomography (PET) or single photon emission computed 

tomography (SPECT) scanners which monitor the functional processes 

of biologically active molecules in the body by injecting a short-lived 

radioactive tracer isotope into the body76. Non-irradiation techniques 

such as micro MRI and functional magnetic resonance imaging 

(fMRI) are widely used, and have resolution that can be less than 

the trabecular bone thickness77. Mg isotope use was also reported78. 

Synchrotron radiation computed micro-tomography (SRμCT) offers 

a more powerful way to distinguish between Mg implants and 

mineralized bone79. Mechanical property changes with the degradation 

of Mg alloys can be monitored as in Fig. 9. Adhesion of cells, sensing, 

and X-ray imaging are discussed80-91.

Advanced techniques for corrosion control
There are several advanced techniques that might be used to control 

Mg corrosion92. Biodegradable Mg coils may be put inside the body to 

provide sensing and power into the body wirelessly. Also, we can make 

the implant smart where it can sense and control its own degradation. 

Controlling the corrosion rate of the implant can be done using a 

cathodic protection technique wherein an external current is applied 

using a reference electrode so that the external current polarizes the 

cathodic elements to the open circuit potential of the anodes. In 

this condition, the potential across the anode and cathode become 

equal and the corrosion current becomes very small93. Electronic 

corrosion control would improve the biocompatibility of implants 

and not require the development of exotic alloys to slow corrosion. 

The authors speculate that implanting engineering materials and 

medical devices in the body including biodegradable implants, 

sensors, and electromechanical systems is going to become an area 

of extreme engineering where highly sophisticated devices will be 

used to transcend biology and to repair the body and cure diseases 

that have plagued mankind for millennia. Expandable implants such 

as auxetic self-expanding biodegradable plates and stents can provide 

adaptability of the implant for pediatric orthopedic applications and 

for other applications where the implant must change shape for 

installation purposes or to allow for growth of the body, or expansion 

of blood vessels, or for use in possible other applications such as 

muscle. Materials development may be the most important aspect 

in developing biodegradable implants. Hence, a new physical vapor 

deposition system was designed and manufactured to develop 

nanostructured Mg materials that have increased corrosion resistance 

such as those shown in Fig. 10. The nanostructured materials would be 

used as a coating to slow the initial corrosion of the implant. A recent 

advance in controlling the by-products of degradation is development 

of a MgZnCa glass material that greatly reduces hydrogen evolution94 

as compared to crystalline materials. 

Fig. 9 A 3-D reconstruction of corroding Mg alloy implants (red) segmented 
from the bone matrix (yellow) by region91. (a) shows a corroding Mg alloy 
AZ91 after 18 weeks of implantation; (b) shows a Mg alloy LAE442 after 18 
weeks of implantation, Bar = 1.5 mm. 

Fig. 8 Osteoblast (U2-OS) behavior on the surface of Mg squares surrounded 
by polymer. The cells were incubated for 4 hours and F-actin was used for 
staining.

(b)(a)
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Auxiliary applications
Many other applications95-103 of biodegradable metals may be possible. 

These include developing drug delivery nanosystems, biodegradable 

nanorobots, sensors, multi-functional particles, biogalvanic batteries, 

and electronic components that dissolve and disappear. Other devices 

can be imagined. Development of components, surface treatments, 

metallic nanotubes, and miniature sensors that work inside the body 

and that can be left in the body or removed by minor surgery are under 

development104-112.

Conclusions
Biodegradable implants and devices have been shown or predicted to 

provide improved regeneration of tissue and have other advantages 

for different biomedical applications. The biomedical implants market 

needs these new types of medical devices and within this market the 

development of biodegradable implants is an area that is wide open 

for innovation. Thus the materials world is responding with research 

in the areas of metallic, glass, and nano materials and sensors that is 

revolutionizing the field of biomaterials. 

Acknowledgment
This article is a review of research results from the open literature and from 

interdisciplinary research sponsored by the NSF ERC for Revolutionizing 

Metallic Biomaterials. Lynn Preston and Leon Esterowitz from the National 

Science Foundation manage the ERC program. Over forty researchers in 

this center are developing metallic biomaterials and sensors. The authors 

acknowledge contributions by Harvey Borovetz and William Wagner at the 

University of Pittsburgh, Jagannathan Sankar and Sergey Yarmolenko at 

North Carolina A&T State University, Frank Witte at the Hannover Medical 

School, and  Norbert Hort at GKSS.

Fig. 10 Different MgO nanostructures can be synthesized for biodegradable implant coatings. The growth conditions control formation of MgO nanostructures with 
different morphology.

REFERENCES

1. Andrei, M., et al., Materials and Corrosion (2003) 54, 5.

2. Chen, J., et al., Corrosion Science (2008) 50, 1292.

3. Biezma, M. V., et al., International Journal of Hydrogen Energy (2001) 26, 515.

4. Zhang, T., et al., Electrochimica Acta (2005) 52, 1323.

5. Song, G., Advanced Engineering Materials (2005) 7, 563.

6. Hiromoto, S., et al., Corrosion Science (2008) 50, 3561.

7. Reivie R. W., Uhlig’s corrosion handbook, Electrochemical society series, 
Pennington, New Jersey, Wiley-Interscience, 2006.

8. Jones, D. A., Principles and protection of corrosion, Prentice Hall, Upper Saddle 
River, NJ, 1996.

9. Lindenberg, A. M., et al., US200410241036, 2006.

10. Zhang, Y., et al., J Biomed Mater Res B (2009) 89, 408.

11. COMSOL, Beasy, and CFD ACE software, see www.comsol.com, September 
2009.

12. Yoshimura, K., et al., Vacuum (2008) 83, 699.

13. Gupta, V., et al., Sensors and Actuators B: Chemical (2002) 86, 235.

14. Gabelich, S. A., et al., Process Control and Quality (1997) 10, 16.

15. Gray, J.E., et al., Applied Surface Science (2008) 254, 2871.

16. Suzuki, K., et al., Analytical Chemistry (1989) 61, 382.

17. Tan, Y., Sensors and Actuators: B. Chemical (2009) 139, 688.

18. Juzeliunas, E., et al., Corrosion Science (2003) 45, 1939.

19. Lamaka, S.V., et al., Electrochemistry Communications (2008) 10, 259.

20. Seyeux, A., et al., Corrosion Science (2009) 51, 1883.

21. Nan, Z.Y., et al., Scripta Materialia (2004) 50, 429.

22. Apachitei, I., et al., Scripta Materialia (2007) 57, 1012.

23. Rohwerder, M., et al., Electrochimica Acta (2007) 53, 290.

24. Yang, L. et al., Corrosion Science (2005) 47, 1794.

MT1210p22_32.indd   31 13/10/2009   12:17:52

http://www.comsol.com


REVIEW   Revolutionizing biodegradable metals

OCTOBER 2009  |  VOLUME 12  |  NUMBER 1032

25. Tribollet, B., Materials and Corrosion (2003) 54, 527.

26. Sodano, H. A., Structural Health Monitoring (2007) 6, 111.

27. Dong, S., et al., Corrosion Science (2006) 48, 1746.

28. Abderrahmane, S., et al., Sensors and Actuators B: Chemical (2001) 75, 1.

29. Habib, K., Desalination (1999) 124, 93.

30. Bryant, D. E., et al., Progress in Organic Coatings (2006) 57, 416.

31. Sibi, M. P., et al., Progress in Organic Coatings (2003) 47, 8.

32. Rumphorst, A., et al., Journal of Fluorescence (1994) 4, 45.

33. Lévesque, J., et al., Acta Biomaterialia (2008) 4, 284.

34. Song, G., et al., Advanced Engineering Materials (2007) 9, 298.

35. Shull, P. J., “Nondestructive Evaluation: Theory, Techniques and Applications”, 
Marcel Dekker, Inc, New York, 2002.

36. Maas, A. H. J., et al., European Journal of Clinical Chemistry and Clinical 
Biochemistry (1987) 25, 281.

37. Siggaard-Andersen, O., et al., European Journal of Clinical Chemistry and Clinical 
Biochemistry (1987) 25, 369.

38. Buhlmann, P., et al., Chemical Review (1998) 98, 1593.

39. Ives, D. J. G., et al., Reference Electrode, Academic Press, New York, (1969) Ch 7.

40. Cammilli, L., et al., PACE (1978) 1, 448.

41. Li, C., et al., Curr. Medical Chemistry (2007) 14, 937.

42. Leiner, M.J.P., et al., Fiber Optic Chemical Sensors and Biosensors, CRC Press, 
Boca Raton, FL, (1991) 1, 359.

43. Lin, J., et al., Trends Analytical Chemistry (2000) 19, 541.

44. Iijima, S., Nature (1991) 354, 56.

45. Tsukagoshi, K., et al., Physica B (2002) 323, 107.

46. Kong, J., et al., Science (2000) 287, 622.

47. Wood, J. R., et al., Physcal Review B (2001) 62, 7571.

48. Weber, J., et al., Sensors and Actuators B (2006) 117, 308.

49. Kwon, J., et al., Electrochemical Solid-state Letters. (2006) 9, H85.

50. Kenneth, L., et al., Smart Materials and Structures (2007) 16, 429.

51. Lee., d., et al., Journal Vacumn Science Technology B (2009) 27, 842.

52. Maroto, A., et al., ChemphysChem (2007) 8, 220.

53. Zhao, L, et al., Nanotechnology (2009) 20, 325501.

54. Cho, E. S., et al., Macromol. Rapid Commun. (2008) 29, 1798.

55. Chen, M. T., et al., Nanotechnology (2009) 20, 295101.

56. Novoselov, K. S., et al., Nature (2005) 438, 197.

57. Novoselov, K. S., et al., Science (2004) 306, 666.

58. Ang, P. K., et al., Journal American Chimerical Society (2008) 130, 14392.

59. Song, G., Corrosion Science (2007) 49, 1696.

60. Zeng, R. et al., Advanced Biomaterials (2008) 10, 3.

61. Korotcenkov, G., et al., Chemical Reviews (2009) 109, 1402.

62. Clark, L. C., et al., Science (1959) 130, 709.

63. Hyman, A. L., et al., American Heart Journal (1961) 61, 53.

64. Spichiger, U. E., et al., Fresenius Journal Analyticall Chemistry (1991) 341, 727.

65. Spichiger, U.E., Electroanalysis (1993) 5, 739.

66. Günzel, D., et al., BioMetals (2002) 15, 237.

67. Nova Biomedical, biosensor technology, www.novabiomedical.com, September 
2009.

68. Altura, B. T., et al., Scandinavian Journal of Clinical and Laboratory Investigation, 
Sup. (1994) 54, 77.

69. Zhang, X., et al., Electroanalysis (1998) 10, 1174. 

70. Bobacka, J., Electroanalysis (2006) 18, 7.

71. Bobacka, J., Electroanalysis (2003) 15, 366.

72. Dobrokhotov, V. V., et al., Physica E (2007) 36, 58.

73. Lamaka, S.V., et al., Electrochemistry Communications (2008) 10, 259.

74. Davoodi, A., et al., Electrochimica Acta (2007) 52, 7697.

75. Cornut, R., et al., Journal of Electroanalytical Chemistry (2008) 623, 197.

76. Ritman, E. L., Annual Review Biomedical Engineering (2004) 6, 185.

77. Benoit, A., Journal of Biomechanics in Press

78. Chandra, S., et al., Journal of Microscopy (1997) 188, 182.

79. Witte, F., et al., Scripta Materialia (2008) 58, 453.

80. Madsena, C. D., et al., European Journal of Cell Biology (2008) 87, 617.

81. Biggs, M. J. P., et al., Biomaterials, in Press.

82. Rumphorst, A., et al. Journal of Fluorescence (1993) 4, 45.

83. Ohsawa, I., et al., Nature Medicine (2007) 13, 688.

84. Ainslie, K. M., et al, Lab on a Chip (2008) 8, 1864.

85. Ratner, D. B., et al., Biomaterials Science: An introduction to materials in 
medicine. Elsevier Academic Press, 2004.

86. Xu, L., et al., Biomaterials (2009) 30, 1512.

87. Song, G., Advanced Engineering Materials (2003) 5, 12.

88. Xu, L., et al., Journal of Material Science (2008) 19, 1017.

89. Maker, G. L., and Kruger, J., International Metals Review (1993) 38 (3), 138.

90. Hansi, C., et al., Catheter Cardiovascular Intervention (2009) 73, 488.

91. Sensing & Inspection Technologies for high-resolution 2D X-ray inspection, 
3D failure analysis, and 3D metrology with Computed Tomography, 
www.phoenix-xray.com, September 2009.

92. Herbert, H. U., et al., “Corrosion and Corrosion Control”, John Wiley & Sons, 
New York, 1985. 

93. Yun, Y., et al, UC 108-071, invention disclosure “Device for controlling 
corrosion of implanted metallic biomaterials,” March 30, 2008.

94. Zberg, B. et al., MgZnCa glasses without clinically observable hydrogen evolution 
for biodegradable implants; Nature Materials, Published online: 27 September 
2009, doi:10.1038/nmat2542.

95. Yun, Y., et al., UC 108-072, invention disclosure “Mg nanowires for biology and 
nanomedicine,” March 30, 2008.

96. Shanov, V., et al., UC 108-091, invention disclosure “Composition and Method 
for Producing Magnesium Based Biodegradable Composite Implants,” 4/21/08.

97. Mast, D., et al., UC 109-035, invention disclosure “Use of Carbon 
Nanotube Thread, Ribbon, and Arrays for the Transmission and Reception of 
Electromagnetic Signals and Radiation,” 11/15/08.

98. Schulz, M., et al., UC 109-085, invention disclosure Corrosion Measurement for 
Biodegradable Metal Implants, April 30, 2009.

99. Shanov, V., et al., UC 109-089, invention disclosure “Composition and Method 
for Magnesium Biodegradable Material for Medical Implant Applications”, 
05/05/09.

100. Schulz, M. J., et al., UC 109-111 invention disclosure “Permanent and 
Biodegradable Responsive Implants that Expand and Adapt to the Human Body,” 
06/23/09.

101. Chen, L., et al., Proceedings of the SPIE - The International Society for Optical 
Engineering, (2006) 6172, 61720.

102. Denkena, B., et al., Annals of the CIRP (CIRP Annals - Manufacturing 
Technology) (2007) 56, 113.

103. Yun, Y. H., et al., Journal of Nanoscience and Nanotechnology (2007) 7, 1.

104. Schulz, M.J., et al., Nanowerk Spotlight web article: www.nanowerk.com/
spotlight/spotid=3115.php, Oct. 31, 2007.

105. Yun, Y., et al., NanoToday (2007) 2 (6), 30.

106. Yun, Y. H., et al., Nanotechnology (2007) 18, 465505.

107. Lun-Chen Hsu, et al., BMES Biomedical Engineering Society Annual Fall Scientific 
Meeting, Pittsburgh, PA, October 7-10, 2009.

108. Press release Spinning Carbon Nanotubes Spawns New Wireless Applications, 
www. uc.edu/news/NR.aspx?id=9743, March 5, 2009.

109. Schulz, M. J., et al., Nanomedicine Design of Particles, Sensors, Motors, Implants, 
Robots, and Devices, Artech House Publishers, October 2009.

110. Narayan, R. J., et al., Biomedical Materials (2008) 3, 1.

111. Nanoworld Laboratory, University of Cincinnati, www.min.uc.edu/
nanoworldsmart, September 2009.

112. Environmentally safe coating technologies, www.ecosiltech.com, September 
2009.

MT1210p22_32.indd   32 13/10/2009   12:17:55

http://www.novabiomedical.com
http://www.phoenix-xray.com
http://www.nanowerk.com/spotlight/spotid=3115.php
http://www.uc.edu/news/NR.aspx?id=9743
http://www.min.uc.edu/nanoworldsmart
http://www.ecosiltech.com
http://www.nanowerk.com/spotlight/spotid=3115.php
http://www.min.uc.edu/nanoworldsmart

	Revolutionizing biodegradable metals
	Importance of biodegradable metallic implants
	Corrosion monitoring of implants
	Corrosion mechanism
	Corrosion simulation
	Corrosion sensors
	Wireless corrosion monitoring

	Chemical sensors to characterize the interface at the implant
	pH sensor
	Sensing the evolution of hydrogen gas from Mg implants
	Mg2+ sensors
	Sensors used in scanning electrochemical microscopy

	Cell based sensors to study toxicity
	In vivo imaging of implants
	Advanced techniques for corrosion control
	Auxiliary applications
	Conclusions
	Acknowledgment
	REFERENCES


