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ABSTRACT This paper describes the development of a monitoring system capable of detecting 

the concentration of magnesium ions (Mg2+) released during the degradation of magnesium 

implants. The system consists of a microdialysis probe that samples fluid adjacent to the implant 

and a catalytic biosensor specific to Mg2+ ions. The biosensor was fabricated on a cotton fabric 

platform, in which a mixture of glycerol kinase and glycerol-3-phosphate oxidase enzymes were 

immobilized on the fabric device via a simple matrix entrapment technique of the cotton fibers. 

Pure magnesium was used as the implant material. Subsequently, the concentration of ions 

released from the degradation of the magnesium specimen in Ringer’s solution was evaluated 

using cyclic voltammetry technique. The device demonstrated a pseudo-linear response from 

0.005 mM to 0.1 mM with a slope of 67.48 µA/mM. Detectable interfering species were lesser 

than 1% indicating a high selectivity of the fabric device. Furthermore, the device requires only 3 

µL of fluid sample to complete the measurement compared to spectroscopic method (± 50 µL), 

hence providing a higher temporal resolution and reduced sampling time. The system could 

potentially provide a real time assessment of the degradation behavior, an uncommon studied 

aspect in biodegradable metals research. 

 

Keywords: biodegradable metal, biosensor, fabric device, magnesium, microdialysis 

 

INTRODUCTION 

The human body is considered as an aggressive environment for implanted metal alloys due to 

its highly oxygenated saline electrolyte [1]. Hence, for decades, it has been agreed that an ideal 

material for a metal implant must be corrosion-resistant. However, the paradigm has been shifted 

by the introduction of biodegradable metals as the model material for implants assisting the 

treatment of temporary clinical problems [2]. Magnesium, iron, zinc and their alloys are the three 

types of metals that have been studied as biodegradable metals, metals that degrade in 

physiological environment via corrosion. In this article, the term of corrosion is therefore 

interchangeable with degradation. Magnesium possesses interesting mechanical properties, 

where its Young’s modulus and compressive strength are close to those of cortical bone [3, 4]. 

Magnesium-based biodegradable metals have received attention on almost every aspects of 

research including material development, in vitro degradation, in vivo animal studies, pre-clinical 

trials and commercialization since their first introduction in 2003 [5-9]. However, one aspect was 
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least considered, the measurement of its degradation kinetics continuously using a rapid 

detection technique. This measurement will further enable the study of in vivo degradation of 

magnesium or other biodegradable metal implants, thus allowing a better design of implants.  

 

The most used techniques to assess the in vivo degradation of biodegradable metals include 

implant retrieval analysis assisted by scanning electron microscope (SEM), X-ray diffraction 

(XRD) and energy dispersive X-ray spectroscopy (EDS) [10]; non-invasive microtomography 

(micro-CT) [11], [12]; X-ray radiography [13] and the least accessible synchrotron micro-CT 

[14, 15]. These techniques are capable of revealing the degradation mechanism of the implant, 

including the determination of degradation products and its composition; however no real time 

data can be obtained especially on the degradation kinetics. Studies that assessed the continuous 

degradation measurements are much more recent. Schumacher et al. [16] used microdialysis to 

investigate the reaction interface between pure magnesium and tissue in isolated perfused bovine 

udder model and examined its biocompatibility using prostaglandin E2 (PGE2) and tumor 

necrosis factor alpha (TNF-α) concentrations, which served as indicators of inflammation. 

Although their work has managed to penetrate the ex vivo behavior of the implant, the results 

were not measured in real time because they still rely on the offline spectrophotometric 

measurements. Another work by Ulrich et al. [17] utilized a micro-flow-capillary (µFC) that was 

online-coupled via a flow injection analyzing system (FIAS) to an inductively coupled plasma 

mass spectrometer (ICP-MS) setup with electrochemical control to investigate the degradation 

behavior of magnesium alloys. However, the generated hydrogen (H2) gas bubbles were 

suspected to prevent sufficient mixing in the circulating solution within the capillary, hence lack 

of accuracy was reported in the results. A latest work by Zhao et al. [18] measured the real-time 

concentration of magnesium ions, hydroxyl ions and hydrogen gas using sensory system 

composed of in-house capillary pH and Mg2+ microsensors and a hydrogen gas sensor. The 

sensor was able to map the hydrogen concentration in the vicinity of an implanted magnesium 

alloy. The group continued their work by developing a transdermally electrochemical hydrogen 

microsensor and tested it for measuring the biodegradation of various magnesium implants in 

mouse. The sensor was able to easily detect hydrogen at the concentration as low as 30–400 µM 

permeating through the skin with a fast response time of 30 seconds. However, due to the 
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dependence to the skin permeability that the hydrogen can permeate through, this technique 

might not be applicable to deep implants such as on the thigh bone [19, 20]. 

 

Chemical sensors such as ion selective electrodes (ISE) are capable of detecting fluid variables 

such as pH and concentration of various ions (Mg2+, K+, Ca2+, etc.). Magnesium ion selective 

electrodes (Mg-ISE) have been essentially used to determine intracellular free Mg2+ ions 

concentration [21]. However, the development process is often complicated and it exhibits 

limited selectivity since Ca2+ ions are a common interfering species [22]. Biosensors using 

enzymes as the bio-recognition molecule are recognized for their high selectivity and specificity, 

whilst electrochemical biosensors are the most popular choices for their sensitivity [23]. 

Nevertheless, both ISE and electrochemical biosensors consist of electrodes that are constituted 

by metal, typically platinum, hence presenting biocompatibility issues. When the sensor is 

implanted in tissue, it is recognized as a foreign body by the immune system, which triggers a 

cascade immune response. Proteins and blood vessels form a capsule around the sensor 

(biofouling), consequently compromising its sensing capabilities [24]. In order to overcome this 

issue, microdialysis has been used over the last 30 years and coupled to a range of detection 

techniques among which are biosensors. Microdialysis, a sampling technique first developed to 

mimic a blood capillary, was used to sample neurochemicals from a rodent’s brain [25]. Over the 

years, microdialysis has been used for other tissues such as gastrointestinal [26] and 

cardiovascular [27] as well as implanted subcutaneously or intravenously [27, 28]. Microdialysis 

use has been reported for up to five days in patients allowing to sample ions and small molecules 

without extracting blood cells or other large components due to the membrane small molecular 

weight cut-off [29]. Microdialysis combined with biosensors presents a synergetic effect 

allowing a real-time monitoring of degradation process. Microdialysis overcomes the 

biocompatibility issues of biosensors, while biosensors increase the temporal resolution of the 

sampling technique. A microdialysis probe can be inserted beneath the skin thus allowing a 

degradation measurement of a deep implant. Therefore, in this study we aim to use microdialysis 

coupled with magnesium biosensor to monitor the concentration of Mg2+ ions released from the 

degradation of magnesium specimen in Ringer’s solution. Success in developing this system in 

vitro will allow a further exploration for future in vivo setting.  
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EXPERIMENTAL SECTION 

Specimen preparation and fabrication of Mg
2+
 biosensor 

Specimens (diameter = 3.2 mm, length = 10 mm) were prepared from pure magnesium rods 

(99.9% purity, Goodfellow, UK). They were polished using abrasive paper grit #1200, 

ultrasonically cleaned in ethanol at 30oC for 10 min, etched with 2% Nital solution to remove 

oxides, and finally rinsed with distilled water before drying in the desiccator for an hour. A 

fabric-based electrochemical device (FED) was used as described previously [30, 31] for the 

development of the Mg2+ biosensor. Cotton fabric provides an optimum and flexible platform for 

manual fabrication of electrodes. Furthermore, the hierarchical structure of the natural cellulose 

fibers allows a robust entrapment of enzymes within the fibers without requiring additional 

artificial membranes or chemicals for its immobilization [32]. Briefly, fabrication of the FED 

consists of a white plain cotton fabric (Jadi Batek Gallery, Malaysia) that was previously scoured 

using anhydrous sodium carbonate [30]. Conductive paste (Gwent Electronics Material, UK) was 

used to embed the electrodes onto the cotton fabric. Carbon graphite paste modified with 

Prussian blue (C-PB) was used for the working (WE) and counter (CE) electrodes, while 

silver/silver chloride (Ag/AgCl) paste was used for the reference electrode (RE). This procedure 

was followed by wax-patterning of the device in order to create a hydrophobic barrier for the 

area surrounding the sample placement/reaction zone. Then, two different enzymes were 

entrapped within the cellulose fibers of the FED. An amount of 20 mg/mL of each glycerol 

kinase (GK, 25-75 kU, Cellulomonas sp.) and glycerol-3-phosphate oxidase (GPOx, 70 kU, 

Aerococcus viridians sp.) enzymes (Sigma Aldrich, Malaysia) were dissolved in 0.1 M PBS. An 

amount of 3 µL of the enzyme mixture (4:1, GK:GPOx) was then drop-coated onto the reaction 

zone of the FED and left to dry at room temperature (~25 oC) for an hour. The Mg2+ biosensor 

functions based on the reaction of kinase enzyme which requires adenosine triphosphate (ATP) 

for the phosphorylation of the substrate and magnesium as a cofactor for the reaction to occur 

[33, 34]. The inset in Fig. 1 shows the mechanism of the reaction. Glycerol is phosphorylated by 

GK and the product of this reaction is then oxidized by GPOx which in turn produces hydrogen 

peroxide (H2O2). The H2O2 then reacts with the Prussian blue at the working electrode of the 

FED resulting in electrochemical signal that is proportional to the concentration of Mg2+, 

provided everything else remains constant.  
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Figure 1 Schematic diagram of the experimental setup consisting of the microdialysis probe 

(sampling tool), FED (biosensor) and potentiostat/computer (converter chemical to electrical 

analysis). Dialysate is dropped at the sample placement (reaction zone) of the FED that was 

immobilized with the GK and GPOx enzymes to detect Mg2+ ions via enzymes cascade reaction 

(inset). 

 

Immersion test and microdialysis sampling 

The magnesium specimens were initial weighed (Wi), then immersed inside beakers (one 

specimen/beaker) containing a buffered Ringer’s solution that consists of 118.4 mM sodium 

chloride (NaCl), 4.7 mM potassium chloride (KCl), 2.52 mM calcium chloride (CaCl2), 1.18 mM 

monopotassium phosphate (KH2PO4) and 25.01 mM sodium bicarbonate (NaHCO3) in 1 L of 

distilled water. All chemicals were of analytical reagents grade (Sigma Aldrich, Malaysia) unless 

stated otherwise. Three specimens were allowed to degrade in this solution for 1, 2 and 5 days, 

respectively. pH of the Ringer’s solution was measured every 24 h for the period of 5 days. After 

the immersion test was completed, the corrosion product was removed from the specimens by 

immersing in chromate acid solution (200 g/L CrO3 + 10 g/L AgNO3) at ambient temperature for 

5-10 min and rinsed thoroughly with distilled water before drying in the desiccator for 24 h [35]. 

This cleaning process was repeated until the final weight (Wf) of the specimens measured after 
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24 h became constant. The weight loss (mg) of the specimens (Wi – Wf) was then plotted against 

immersion time (hour). The result was used for making correlation between the degradation rate 

by weight loss and by Mg2+ concentration measured by the biosensor. The microdialysis (MD) 

probe (MAB 9.20.3 series, Microbiotech, Sweden) was immersed alongside the specimens 

during the immersion tests. The MD inlet was connected to a 1 mL syringe mounted on a NE-

300 infusion syringe pump (New Era, Malaysia) and perfused with the Ringer’s solution at a 

flow rate of 1.5 µL/min for 90 min. At the outlet, the dialysate was collected in vials. Fig. 1 

shows the experimental setup. Since the microdialysis probe recovers a percentage of the 

concentration of the bulk, the microdialysis recovery coefficient was determined by collecting a 

sample of the immersion solution using pipettes. Relative recovery (R) is a critical parameter that 

provides a percentage of the ratio between the concentration in the bulk (Cbulk) and the 

concentration in the dialysate (Cdial) [36], as per Equation 1: 

R=
Cbulk

Cdial
x100%    (1) 

 

Electrochemical measurement of the device 

A µSTAT400 portable potentiostat (Dropsens, Spain) was used for the electrochemical 

measurements. The electrodes were connected to the potentiostat using connector clips (Fig. 1). 

The electrochemical signals were measured and displayed using the manufacturer DropView 

software. Prior to the enzymes immobilization, characterization of the electrochemical behavior 

of C-PB was performed using cyclic voltammetry technique. For this purpose, 3 µL of 0.1 M 

phosphate buffer solution (PBS) was placed at the sample placement region of the FED and 

cyclic voltammetry was performed at different scan rates (10, 25 and 50 mV/s). Next, the 

optimum detection potential of Mg2+ FED was investigated for the reliable detection of H2O2 

(the product of the enzyme-catalyzed reaction) at the C-PB/GK/GPOx electrodes [31]. Since the 

substrate of the enzyme-catalyzed reaction is glycerol and not Mg2+ ion, the amount of glycerol 

required for the biosensor was investigated. Glycerol standards (0.05, 0.1, 0.2, 0.5, 1 and 3 mM) 

were prepared in a mixture of 3 mM magnesium chloride (MgCl2), 3 mM ATP and 0.1 M PBS 

which are similar to those of the work of Ghica et al. [34]. An amount of 3 µL of each glycerol 

standard was dropped at the sample placement region of the FED and cyclic voltammetry was 

performed at working potential range from -0.5 to +0.5 V at a potential scan rate of 10 mV/s. 

Cyclic voltammetry (CV) was used for the calibration of Mg2+-FED biosensor with the Mg2+ 
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standards prepared using solution of MgCl2 at a concentration range between 5 µM and 1 mM in 

500 µM glycerol, 3 mM ATP and 0.1 M PBS at a potential scan rate of 10 mV/s. All the 

standards and buffer solutions were kept at 4oC when not in use. Fresh solutions were prepared 

weekly to retain freshness. For interference testing, common metabolites and biomolecules 

present in physiological fluids such as 0.2 mM of D-(+)-glucose (≥99.5%), L-ascorbic acid 

(vitamin C) and urea (≥99.5%) were added into 0.2 mM MgCl2 standards (1:1 ratio of 

interferences to MgCl2). The CV scans were then conducted at a potential scan rate of 10 mV/s 

within a working potential range from -0.5 to +0.5 V for all the interference solutions.  

 

RESULTS AND DISCUSSION 

Fig. 2a shows the variation of weight loss and pH of the Ringer’s solution over the immersion 

time. Overall, the weight loss increases with the longer immersion time at 1.79 mg/cm2/day. 

Similar increase is observed for the pH of the Ringer’s solution over the immersion time. The 

oxidation of magnesium metal to Mg2+ ions on the anode is balanced by the reduction of water to 

form hydrogen gas and OH− on the cathode. The weight loss over immersion time can be related 

to the general corrosion, a phenomenon previously reported by Wang et al. [37]. The higher 

increment of weight loss and pH on the period of day 1 to day 2 compared to the period of day 2 

to day 5 could be related to the formation of adherent corrosion products (e.g. magnesium 

hydroxide and phosphates) on the specimen’s surface that slows down corrosion process 

temporarily [38]. However, other factors beside the chemical reaction that contribute to the 

weight loss of magnesium during degradation were not considered in this study, such as the 

deposition of degradation products (MgCO3, CaCO3, NaCl) which increases the final weight, and 

the dissociation of broken piece of magnesium which reduces the final weight [39]. 
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Figure 2 (a) Weight loss of magnesium specimens and pH of Ringer’s solution from day 1 to 5; 

(b) calibration of Mg2+-FED for glycerol samples (0.5 mM of glycerol provides the highest 

response before the saturation of the enzyme); (c) CV scan rate dependence on FED before 

immobilization was performed (measurements were taken at 10 mV/s, 25 mv/s and 50 mV/s scan 

rates); d) CV curves of the C-PB electrodes at a range between -0.4 and +0.4 V in 0.1 M of PBS 

after modification with the GK and GPOx enzymes (C-PB/ GK/GPOx) and with 3 mM of 

glycerol/magnesium. 

 

The enzyme-catalyzed reaction occurring on the C-PB/GK/GPOx electrodes is first due to the 

phosphorylation of glycerol. As mentioned in the method, Mg2+ ions are required as they act as 

cofactor for the reaction catalyzed by the kinase enzyme. When glycerol is kept constant, the 

current produced by the increase of the cofactor can be detected. Hence, the amount of glycerol 

required for the biosensor was investigated using different concentrations (0.05 - 3 mM) of 

glycerol standards in PBS solution with constant amounts of MgCl2 and ATP. The CVs of the C-

PB/GK/GPOx were performed using these glycerol standard solutions. The calibration curve for 
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glycerol was obtained from the cathodic current of the CV at potential of -0.2 V vs. Ag/AgCl. 

Fig. 2b shows the calibration curve of the sensor with glycerol standard solutions. The curve 

plateaus following the addition of 1 mM of glycerol indicating the saturation of the GK enzyme. 

The optimal response was chosen as that before saturation occurs, since it allowed the response 

to increase with an increase of Mg2+ ions concentration. Hence, the concentration of 0.5 mM of 

glycerol was selected to prepare the Mg2+ samples. 

 

The 3 µL of 0.1 M PBS were placed on the reaction zone and the CVs within the potential limits 

of -0.5 and +0.5 V at different potential scan rates (10, 25, 50 mV/s) were performed to 

characterize the electrochemical performance of the C-PB electrodes on the FED. Fig. 2c shows 

the CV characteristic indicating a diffusion controlled electron-transfer process similar to 

conventional electrochemical cells [31]. The anodic and cathodic peaks correspond to the 

following redox reaction (Equation 2): 

FeІІІ4 [FeІІ(CN)6]
3
 + 4K

+
  + 4e- ↔ K4FeІІ4 [FeІІ(CN)6]

3  (2) 

 

In order to optimize the detection potential of the Mg2+-FED biosensor for H2O2 detection, the C-

PB/GK/GPOx electrodes were characterized using CV at a range between -0.4 and +0.4 V in 0.1 

M of PBS (lack of H2O2). Results showed the characteristic redox peaks of PB, however, the 

peak current of C-PB/GK/GPOx was larger than the C-PB only, due to the increase in efficiency 

of the C-PB electrodes after modification with the GK and GPOx enzymes (Fig. 2d). An even 

larger peak current was observed when 3 mM of glycerol/magnesium was used compared with 

PBS only. The applied potential in the CV region between -0.2 and +0.2 V (H2O2 in C-PB 

electrodes region) was further investigated and the signal-to-background (S/B) ratios of each 

potential showed the highest S/B ratio at -0.2 V (data not shown). This low detection potential 

reduces the signal from common electrochemical interfering substance present in real samples.  

 

Since the activity of enzymatic reaction is enhanced in the presence of Mg2+ ions, an increment 

in the concentration of Mg2+ provides a proportional increase in signal. After determining the 

optimal concentration of glycerol, CVs of the C-PB/GK/GPOx were obtained at different 

concentrations of Mg2+ standards solution (0 - 1 mM) as shown in Fig. 3a. The calibration curve 

(Fig. 3b) was obtained from the cathodic currents of the CV at a potential of -0.2 V vs Ag/AgCl. 
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The curve was fitted using a non-linear regression using the Hill’s equation (Equation 3), which 

generates a sigmoid fit: 

� � ����

��	
��
� �
�    (3) 

 

Where, I is the current signal obtained, Imax is the maximum current signal, n is the Hill 

coefficient, [S] is the concentration of substrate and KM is the Michaelis-Menten constant, which 

is the [S] value at Imax/2. 

 

 

Figure 3 Calibration of Mg2+-FED for Mg2+ samples: (a) CV of different concentration of MgCl2 

to determine the sensitivity of FED biosensor, (b) non-linear regression of MgCl2 fitted by the 

Hill’s equation. 
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The Hill’s equation coefficients of the Mg2+ biosensor coefficients were then calculated. Imax, the 

current at what the signal plateaus, was -32.81 ± 0.38 µA. The plateau response is a sign of the 

saturation of the enzymes, the biorecognition molecules of the biosensor. Hence, high 

concentration samples required to be diluted prior to the determination. The KM of the enzymatic 

mix used in this biosensor was 7.90 ± 0.12 mM, which is the substrate concentration 

corresponding to half of the maximum signal and n was the Hill coefficient, 0.48 ± 4.25, which 

denotes a cooperative binding. The calibration plot shows a pseudo-linear response from 0.005 

mM until approximately 0.1 mM (r2 = 0.756).  From the slope of the linear calibration the 

sensitivity of the sensor was calculated (0.0679 µA/mM).  The limit of detection (LOD = 10.162 

µM) and limit of quantification (LOQ = 33.872) of the device was calculated from standard 

deviation (s) of the blank as the concentrations that produced the signal at 3s and 10s, 

respectively for three separate devices. The repeatability of the device was calculated using the 

same Mg2+-FED three times for each Mg2+ concentration and the obtained relative standard 

deviation (% RSD) was 5.71% for 25 µM of Mg2+, while the reproducibility was measured using 

three different devices for 50 µM and 1000 µM of Mg2+, concentrations and the attained %RSD 

was 8.64% and 21.4%, respectively.  

 

Unlike the Mg2+ ion selective electrode, other bivalent metals such as Ca2+ or heavy metals does 

not affect the FED response due to the specificity of the enzyme to the substrate, in this case 

glycerol. Kinase enzyme uses Mg2+ ions as a cofactor, but other bivalent heavy metals do not 

affect the kinetics of the reaction. On the other hand, although enzymes are specific 

biorecognition molecules, other organic and electroactive substrates could sometimes produce an 

electrochemical response. This could perturb the signal and cause misleading results. Therefore, 

interferences testing were conducted to test the reliability of the sensor towards foreign 

compounds. Ascorbic acids, glucose and urea are among the compounds that could interfere with 

the chemical signal of the biosensor. The relative response with ascorbic acid was 1.26 %, then 

1.18% with glucose and 1.13% with urea. Since the FED biosensor showed a rate of interference 

of ~1% when exposed to a 200 µM of other chemicals, it was demonstrated that the sensor 

presented a ~99% of selectivity.  
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Bulk and dialysate were tested on the FED to obtain current signals for each respective sample of 

different immersion days. Fig. 4a shows the bar graph of current signals for replications of bulk 

samples using three different FED sensors. The average current (n=3) for bulk samples on day 5 

is -50.33 ± 2.46 µA, whereas on day 1 is -23.73 ± 0.93 µA. The increment of current signals is 

about two times higher within four days. This occurs due to the longer immersion of the 

magnesium sample in Ringers’ solution, resulting in more Mg2+ ions being released. 

Subsequently, when a highly concentrated Mg2+ ions bulk solution was placed on the working 

region of FED, the catalyzed enzyme-substrate will produce more H2O2. This compound (i.e. 

H2O2) is translated into electrical current signal proportional to the concentration of Mg2+ ions. 

The same phenomenon occurs for dialysate samples. However, the current produced for dialysate 

sample on day 5, which was supposed to be the highest current, was only -31.18 ± 0.66 µA (as 

seen in Fig. 4a). Increment has been linear for pure magnesium specimen without any sign of 

plateau after 5 days; hence we presumed longer times are required in order to observe the overall 

kinetics of the corrosion. 

 

 

Figure 4 Measurement of: (a) current signal for bulk and dialysate samples up to 5 days 

immersion time; and (b) their linear correlation. 

 

Clearly as shown in Fig. 4a, the current value of dialysate is lower compared to that of bulk 

samples. The linear regression correlation factor is 0.8304; while the chi-test's p-value is 0.1504, 

indicating a poor correlation between the two lines (Fig. 4b). However, this test was only done to 

find out the recovery of the probe and then be able to extrapolate them to an actual value of 
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magnesium in the bulk. Based on calibration, the Mg2+ concentrations in bulk/dialysate samples 

for day 1, day 2 and day 5 are: 6.52/4.73, 10.17/5.61 and 12.56/8.60 mM, respectively. This 

suggests that there are losses in the microdialysis membrane and that the total equilibrium cannot 

be established with constant perfusion into microdialysis probe. From these results, we 

calculated the recovery of samples (equation 1); are 72.56% in day 1, 55.17% in day 2 and 

68.42% in day 5. The range of concentration losses is between 55% and 73%, where it could be 

concluded that the recovery is very high. The rate at which these analytes were exchanged across 

the semipermeable active membrane is expressed as the analyte extraction efficiency. This 

calibration factor (recovery) shows that the efficiency of concentration gained in this study was 

due to the low perfusion flow rate (i.e. 1.5 µL/min) that has been applied. 

 

Finally, we analyze the correlation between degradation rate calculated from the weight loss and 

from the Mg2+ concentration measured by the biosensor. The overall degradation rate calculated 

from the weight loss at 5 days immersion time is 1.79 mg/cm2/day. Using a simple stoichiometry 

correlation of Mg + 2H2O � Mg2+ + 2OH- + H2, the corrosion rate calculated from the measured 

concentration of Mg2+ in bulk on day 5 (12.56 mM) is 1.56 mg/cm2/day. This tells a good 

measurement has been obtained by the biosensor for the period of immersion test conducted in 

this work. Further improvement to the accuracy of the system can be done by carefully analyzing 

other factors than chemical reaction that contribute to the weight loss of magnesium during 

degradation (deposition of degradation products and dissociation of broken piece of magnesium), 

verifying each calculated Mg2+ concentration using ICP-MS as well as setting-up an optimum 

perfusion rate. 

 

CONCLUSIONS 

A magnesium implant degradation monitoring system consisting of microdialysis sampling and 

electrochemical detection with a fabric-based enzymatic biosensor has been successfully 

developed and validated. The system measures Mg2+ samples at a small sample volume and more 

frequent period, and thus reduces sampling time while increasing the temporal resolution. The 

correlation was observed between the Mg2+ concentration in both the dialysate and the bulk. The 

sensitivity of the biosensor is 67.48 µA/mM with ~1% chance of interference and thus allows a 

lower level Mg2+ detection. Although further studies are required in order to optimize the 
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combination between the biosensor and the microdialysis outlet, the system has shown the 

capability to detect rapidly the dialysate Mg2+ levels electrochemically and could be suitable for 

the monitoring in vivo degradation of Mg implants in real time. 
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