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In recent years, Magnesium (Mg) and its alloys as bioresorbable metals have 

attracted increasing attention for orthopedic implant applications because of their 

promising mechanical and biological properties. However, the rapid degradation of pure 

Mg remains a key challenge toward its clinical translations. Additionally, implant 

infections continue to be a significant clinical problem for orthopedic applications. This 

dissertation develops two approaches to improve the overall performance of pure Mg. One 

method includes engineering a nanostructured oxide surface onto the Mg coupled with 

adding alloying elements into the Mg matrix, the other involves depositing a nano-micro 

and micro hydroxyapatite supplemented with gentamicin onto the Mg. The nanostructured 

oxides on Mg alloy and pure Mg resulted in a slower electrochemical degradation rate, and 

reduced adhesion of methicillin-resistant Staphylococcus aureus (MRSA) on their surfaces 

when compared with the corresponding non-treated Mg controls. Moreover, the soluble 

degradation products released from nanostructured oxides on the Mg alloy and pure Mg 



 vii 

did not affect the growth of bone marrow derived mesenchymal cells (BMSCs) under 

indirect contact, but showed reduced cell spreading and adhesion under direct contact when 

compared with Ti control and glass reference. In terms of the nano-micro and micro 

hydroxyapatite supplemented with gentamicin coated Mg, the 12-week immersion study 

showed that the difference in the degradation rate between the hydroxyapatite coated Mg 

samples and the Mg controls is negligible because no statistically significant difference 

was found. The micro hydroxyapatite coated Mg samples did not affect the growth of 

BMSCs under indirect contact, but showed reduced cell spreading and adhesion under 

direct contact when compared with the Ti control and glass reference. The micro 

hydroxyapatite supplemented with 30 wt. % gentamicin coated Mg exhibited significantly 

lower adhesion of Staphylococcus aureus on the surface among all samples in vitro. 

Overall, this dissertation provides extensive knowledge regarding surface treatments on 

Mg and applying alloying elements into Mg to achieve desired performance toward clinical 

translations.  
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Introduction 

Musculoskeletal diseases and injuries are the leading cause of disabilities in the 

United States, with an increase proportion of the population from 28.0% in 1996-1998 to 

33.2% in 2009-2011.1  Musculoskeletal diseases and injuries often require biomedical 

implants and device for clinical treatment. In terms of biomedical implants, implant-

associated infections is a key challenge for these devices 2. Over 1 million joint protheses3 

and 6 million fracture fixation devices 4 are deployed each year, with 2% and 5% of these 

procedures, developing infections at an economic cost of over 2 billion dollars 5. It was 

estimated that 112,000 orthopeadic implant-associated infections occur annually in the 

United States, with around 66% of these bacterial infections involving Staphylococcus 

species 6. Fraction fixation implants have infection rate ranging from 1% to 2% for close 

fractures and rates as high as 30% for open fractures 7. The implants could adversely affects 

the immune system via generating a local immune-compromised environments that inhibits 

spontaneous clearance of planktonic bacteria by host defense 8. Once bacteria adhere on 

the surface of implant, it could proliferate and form polymeric biofilm that provides 

provide significant protection from the host immune system and acts as a diffusion barrier 

for antibiotics, allowing for bacteria in biofilm to be resistant to antibiotic concentrations 

1,000 times higher than that required to kill the same planktonic strain 9.  Furthermore, 

bacteria in biofilm that is exposed to subinhibitory antibiotic concentrations could develop 

antibiotic resistance 10. The emergence of methicillin-resistant Staphylococcus aureus has 

become a key problems in implant infections.  The biofilm formation on surface of implants 

could further inhibit host cell attachment and  tissue integration, which may result in 
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implant failure 11-12. Therefore, current treatment for biomedical implant infections such as 

aggressive surgical debridement, device removal and long-term antibiotic regiment, are 

significantly limited 13. Thus, there is a need for the development of biodegradable, 

biocompatible implants with antimicrobial properties.  

Unlike the conventional non-degradable biomaterials, Magnesium (Mg) is 

biodegradable in physiological solutions, could achieve a synchronized strength change to 

the healing bone during the whole healing process, and eliminate the secondary surgery for 

implant removal. Under slow degradation, the degradation products of Mg are non-toxic 

to the surrounding tissue because of homeostasis, and will be metabolized and absorbed by 

the body. Moreover, the similar strength and elastic modulus of Mg to the cortical bone 

would reduce the stress-shielding effects. The key challenge of Mg as orthopedic implant 

is that it has a fast degradation rate, which can generate excess hydrogen gas and lose 

mechanical integrity before complete bone healing.  

Either adding alloying elements in Mg or applying surface treatments or both are 

promising approaches to improve the overall performance of Mg-based bio-metals for 

clinical applications. The first chapter of this dissertation focus on engineering 

nanostructured magnesium oxide (MgO) on Mg substrates and investigated the 

antibacterial properties in vitro. By coupling with adding alloying elements, the second 

chapter of this dissertation focus on engineering nanostructured oxides on Mg alloy pins, 

to further improve the overall performance of Mg for orthopedic applications. Specifically, 

nanostructured oxides was produced on the surfaces of Mg-Zn-Ca, Mg-Zn-Sr and pure Mg 

pins. The degradation, cytocompatibility with bone marrow mesenchymal cells (BMSCs) 
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and antibacterial properties with methicillin-resistant staphylococcus aureus (MRSA) was 

investigated in vitro. The third chapter of this dissertation focus on the developments of 

nano-micro hydroxyapatite supplemented with gentamicin on Mg rods, and determine their 

degradation properties, cytocompatibility with BMSCs, antibacterial properties with 

Staphylococcus aureus in vitro.  
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Chapter 1 Antimicrobial Properties of MgO Nanostructures on Magnesium Substrates 
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Abstract 

Magnesium (Mg) and its alloys have attracted increasing attention in recent years as 

medical implants for repairing musculoskeletal injuries because of their promising 

mechanical and biological properties. However, rapid degradation of Mg and its alloys in 

physiological fluids limited their clinical translation, because the accumulation of 

hydrogen (H2) gas and fast release of OH- ions could adversely affect healing process. 

Moreover, infection is a major concern for internally implanted devices, because it could 

lead to biofilm formation, prevent host cell attachment on the implants, and interfere 

osseointegration, resulting in implant failure or other complications. Fabricating 

nanostructured magnesium oxide (MgO) on magnesium (Mg) substrates is promising in 

addressing both problems, because it could slow down the degradation process and 

improve the antimicrobial activity. In this study, nanostructured MgO layers were created 

on Mg substrates using two different surface treatment techniques, i.e., anodization and 

electrophoretic deposition (EPD), and cultured with Staphylococcus aureus (S. aureus) in 

vitro to determine their antimicrobial properties. At the end of 24-h bacterial culture, the 

nanostructured MgO layers on Mg prepared by anodization or EPD both showed 

significant bactericidal effect against S. aureus. Thus, nanostructured MgO layers on Mg 

are promising for reducing implant-related infections and complications, and should be 

further explored for clinical translation toward antimicrobial biodegradable implants.  
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1.1 Introduction 

In recent years, Mg and Mg alloys as bioresorbable metals have attracted increasing 

attention for orthopedic implant applications due to their promising mechanical and 

biological properties.14 Mg is biocompatible and biodegradable.15 Unlike conventional 

non-degradable metals, Mg-based implants do not require secondary surgeries for implant 

removal.15-16 Mg and Mg alloys have higher elastic modulus and strength than 

biodegradable polymers and better fracture toughness than ceramics, which are more 

desirable for load-bearing implants.15, 17-20 Mg has a similar modulus to human bone and 

thus reduce undesirable stress-shielding effect on surrounding bone,16, 21-22 which is 

beneficial for bone health. Recent advances in biodegradable Mg have demonstrated their 

potential for revolutionizing the treatments for bone fractures.23-25 The screws made of high 

purity Mg (99.99 wt.% pure) have demonstrated better fracture healing and proper 

degradation rate when compared with the poly-L-lactide acid (PLLA) screws in the fixation 

of rabbit femoral intercondylar fractures.26 The high purity Mg screws also showed 

acceptable mechanical strength and degradation rates compatible with bone formation for 

fixation of femoral neck fractures in goats.27 Furthermore, the high purity Mg was studied 

clinically to fix the vascularized bone grafts for human patients with osteonecrosis of the 

femoral head (ONFH) and showed a higher Harris hip score (HHS) when compared with 

the controls using vascularized bone grafting alone without screws.28 However, it is 

difficult and expensive to produce Mg of super high purity (>99.9%).29 The small amount 

of impurity in commercially 99% to 99.9% pure Mg matrix could lead to rapid degradation 

and release of excessive hydrogen gas at the early stage of implantation.14, 30-31 A previous 
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study showed that the gas cavities induced subcutaneous emphysema and decreased the 

survival rate of rats, which remained as the key challenge for clinical translation of Mg-

based biometals.32  

Either adding alloying elements into Mg matrix or applying surface treatment on 

Mg or both are promising approaches to improve the overall performance of Mg-based 

biometals for clinical applications. For example, the Mg-Ca-Zn alloy screws showed 

acceptable degradation in the fixation of hand fractures in clinical studies; and the alloy 

screws were completely replaced by new bone within one year of implantation and the 

patients regained normal range of grip power.33 Rare earth (RE) elements have also been 

added to Mg to reduce the corrosion rate. Mg-RE alloy screws showed proper degradation 

and osseointegration in treating the patients with mild hallux valgus when compared with 

the titanium (Ti) screw control.23 Surface treatment of Mg and Mg alloys has also been 

explored to further improve their corrosion resistance and surface bioactivity for tissue 

healing,29, 34 and even provide antimicrobial properties to reduce infection.  

Clinically, implant-associated infections have caused devastating complications, 

with a reported occurrence rate of 2% to 5% on average.5, 35 Staphylococcus aureus (S. 

aureus) and Staphylococcus epidermidis (S. epidermidis) are the major bacteria that 

account for 70% of orthopedic implant infections.6, 36-37 These bacteria could adhere onto 

implant surfaces, proliferate, and form protective polymeric biofilms that are more difficult 

to eradicate than planktonic bacteria in the body, even with the treatment of antibiotics. 

The reason is that biofilms facilitate the resistance against host defense mechanisms, and 

confer antibiotic resistance because of the slow transportation of antibiotics through the 
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biofilm matrix.38-40 Moreover, formation of biofilms on the implants could prevent the 

attachment of host cells on the implant surface, leading to poor osseointegration and 

implant failure.11-12 The biofilm dispersal at the late stage of biofilm formation could lead 

to detachment and spreading of bacteria, causing systemic infections should the bacteria 

reach the bloodstream.12, 41-43 Therefore, preventing implant infections is crucial for 

improving clinical outcome.  

One approach to increase the corrosion resistance of Mg-based metals and disrupt 

bacteria adhesion is to modify the surface, including surface chemistry and topography. 

Magnesium oxide (MgO) nanoparticles showed antimicrobial properties against both 

gram-negative and gram-positive bacteria in vitro, including Escherichia coli (E. coli) and 

Staphylococcus aureus (S. aureus).44-47 We found that MgO nanoparticles interact with the 

gram-negative and gram-positive bacteria differently.47 Specifically, the minimum 

inhibitory concentration (MIC) of MgO nanoparticles was lower for gram-positive 

bacteria, that is, 0.5 mg/mL for S. epidermidis and 0.7 mg/mL for S. aureus, but higher for 

gram-negative bacteria, that is, 1 mg/mL for E. coli and Pseudomonas aeruginosa (P. 

aeruginosa).47 Moreover, when the gram-negative bacteria were cultured with MgO 

nanoparticles of greater than 1.6 mg/mL, no viable E. coli and less than 0.1% P. aeruginosa 

were found. In the cases of gram-positive bacteria, MgO nanoparticles of up to 2.0 mg/mL 

only showed inhibitory effects on the growth of S. epidermidis and S. aureus, but did not 

kill the bacteria completely. Importantly, when MgO nanoparticles were coated onto poly-

L-lactic acid (PLLA), the samples showed antimicrobial properties against S. aureus, S. 

epidermidis and P. aeruginosa in vitro.48 In terms of the responses from relevant host cells, 
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MgO nanoparticles with a low dosage of less than 200 g/mL could enhance proliferation 

of bone marrow derived mesenchymal stem cells (BMSCs) under in vitro sequential 

seeding culture,46 which is beneficial for bone regeneration. MgO nanoparticles coated 

onto poly(methyl methacrylate) (PMMA) and poly-L-lactic acid (PLLA) showed enhanced 

osteoblast and fibroblast adhesion under in vitro culture.48-49 In addition to these desirable 

bioactivities, applying a dense MgO layer onto Mg substrates could reduce Mg degradation 

in physiological environment.50-51 Mg and its alloys suffer rapid corrosion in humid air 

(65% relative humidity) and form white, flaky corrosion products of magnesium hydroxide 

and magnesium oxide.52-54 However, the natural oxide layers on the surface of Mg are 

neither as stable nor as protective as the oxide layers that typically form on the aluminum 

and titanium alloys.55 The natural oxide layers formed on Mg are loose and easy to break 

away, which could accelerate the degradation of Mg. The thickness of these naturally 

formed oxide layers on Mg is usually in the nanometer scale.56-57  

Anodization and electrophoretic deposition (EPD) techniques have been previously 

established for creating dense MgO nanostructures on Mg substrates under controllable 

processing parameters.50-51 Both anodization and EPD are cost-effective and versatile for 

producing protective oxide layers with adjustable thickness and surface morphology on 

various metallic substrates by adjusting the voltage/current, anodization/deposition time, 

and electrolyte properties (compositions, concentrations, pH, etc.).50-51, 58-59 Other methods 

such as alkaline treatment and plasma electrolytic oxidation (PEO), could also be used to 

create a layer of MgO or Mg(OH)2 on Mg. However, surface oxide layers prepared with 

alkaline treatment is not compact and dense, and PEO process typically requires high 
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voltage that could create mini-pores in the oxide layers. In both cases, aggressive ions, 

proteins, and cells in the physiological environment could attack the material surface and 

jeopardize the corrosion resistance of Mg-based substrates.60-63 In contrast, dense and 

compact oxide layers have been created on Mg in our previous studies using anodization 

and EPD methods with optimized processing parameters of electrolyte compositions, 

concentrations and anodization/deposition time.50, 59, 64-65 The MgO nanostructures on Mg 

substrates reduced hydrogen (H2) gas formation during degradation, and showed no 

adverse effect on bone marrow derived mesenchymal stem cells (BMSCs) in vitro under 

the indirect contact conditions of direct culture.50-51 However, the antimicrobial properties 

of nanostructured MgO on Mg substrates for medical applications have not been 

investigated. Therefore, the objectives of this study were to investigate and compare the 

microstructures, elemental compositions, surface and interfacial properties of the 

nanostructured MgO on Mg substrates prepared by anodization versus EPD, and determine 

their antimicrobial properties against S. aureus using a method adapted from the Japanese 

Industrial Standard JIS Z 2801:2000 (as shown in Figure 1-1),66 and the correlation 

between the processing, surface properties and the bactericidal effects of the 

nanostructured MgO layers on Mg substrates. In this study, commercially pure Mg (99.9%) 

was used as an underlying substrate for developing nanostructured oxide layers using both 

anodization and EPD methods, to exclude the variability induced by different alloying 

elements. For example, Mg-Zn-Ca alloys showed greater inhibitory effects on bacterial 

growth when compared with commercially pure Mg control,67 which would induce 

additional factors affecting bacterial responses. Therefore, commercially pure Mg instead 
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of Mg alloys was used as the substrate in this study to focus on the effects of nanostructured 

MgO surface on bacterial interaction.  

  
Figure 1-1: Schematic illustration of the methods used to study the antimicrobial properties 

of the Mg-based samples. The red dash square at the right corner highlights the the three-

dimensional printed sample holder and its dimensions. The nitrocellulose filter paper had 

a diameter to be the same as the width of the samples and fit on top of the square-shaped 

sample as an inscribed circle to ensure all the bacteria will be in contact with the sample 

surface. 

 

1.2 Materials and Methods 

1.2.1 Anodization and electrophoretic deposition (EPD) process 

The methods for creating MgO nanostructures on Mg substrates using 

anodization50 and EPD51 have been previously established, and adapted for this study as 

described below with permission from the publishers.50-51 
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1.2.2 Preparation of Mg substrates as electrodes for anodization and EPD 

Commercially pure Magnesium sheets (99.9% purity, as-rolled, 1.0 mm thick, Cat# 

40604; Alfa Aesar, Ward Hill, MA, USA) were used for this study. The Magnesium sheets 

were cut into 10 mm x 10 mm squares, connected to the copper wires using copper tapes 

and embedded in epoxy resin (Cat# ULTRA-3000R-32; Pace Technologies, Tucson, AZ, 

USA) to ensure that only one surface with a dimension of 10 mm × 10 mm was exposed, 

as shown in the previous study.50 The exposed surface of the embedded Mg was ground 

with 240, 600, 800 and 1200 grit SiC adhesive paper (Ted Pella Inc. Redding, CA, USA) 

and polished using the polycrystalline diamond paste of up to 0.25 m (Physical Test 

Solutions, Culver City, CA, USA). The well-polished surface of embedded Mg was 

ultrasonically cleaned in acetone and ethanol for 30 minutes each, before the anodization 

and EPD processes.  

1.2.3 Experimental setup for anodization and EPD 

A three-electrode system was used for anodization. The embedded Mg was used as 

the working electrode (anode), a platinum plate was used as the cathode and Ag/AgCl was 

used as the reference electrode. The electrodes were connected to a potentiostat (Model 

273A; Princeton Applied Research, Oak Ridge, TN, USA) that was controlled by a 

Powersuite 2.50.0 software (Princeton Applied Research). The distance between the 

cathode and anode was 1 cm. The working electrode was anodized in a 10 M KOH 

electrolyte at 1.9 V at room temperature for 2 h. The resulted sample was referred to as 1.9 

A, the suffix “A” represents “as-anodized”. As for electrophoretic deposition process, a 

two-electrode system was used. The embedded Mg was used as the cathode and a platinum 



 13 

(Pt) plate was used as an anode. The distance between the cathode and anode was 1 cm. 

The high-power probe sonicator (Model S-4000, Misonix) was used to sonicate 3 mg/mL 

MgO nanoparticles in anhydrate ethanol in duty cycles of 5 seconds on and 5 seconds off 

for 5 minutes to avoid agglomeration and ensure a stable homogeneous suspension for the 

EPD process. The MgO nanoparticles were deposited onto the working electrode of Mg at 

a voltage of 23 V / cm for 60 seconds at room temperature. The resulted sample was 

referred to as “EPD”.  

1.2.4 Sample annealing after anodization and EPD 

The annealing process was the same as described in our previous study.50 The 

samples prepared by anodization or EPD were removed from the epoxy resin using a 

notcher (No. 100, Whitney Metal Tool Co) and subsequently annealed at 450C for 6 hours 

in a tube furnace in an argon atmosphere to convert the Mg(OH)2 to MgO through a 

dehydration reaction. During the annealing process, the temperature increased from room 

temperature to 450C with a heating rate of 100C/h to avoid sudden collapse of Mg(OH)2 

crystal structure and was held at 450C for 6 hours. Afterwards, the tube furnace was turned 

off to cool down naturally. After annealing, the resulted sample prepared by anodization 

and EPD was referred to as “1.9 AA” and “A-EPD”, the addition of suffix “A” or prefix 

“A” represents “annealed”. The anodized samples before annealing was referred to as “1.9 

A”, and the samples prepared by EPD before annealing was referred to as “EPD”. 

1.2.5 Surface and cross-section characterization 

After annealing, the samples were sputter-coated (Model 108, Cressington 

Scientific Instruments Ltd., Watford, UK) with platinum/palladium at 20 mA with 40 s 
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sputter time. A scanning electron microscope (SEM; Nova NanoSEM 450, FEI Co., 

Hillsboro, OR, USA) was used to characterize the surface morphology and cross-sections 

of the oxide layers on Mg substrates. Energy dispersive X-ray spectroscopy (EDS, X-

Max50) and AztecEnergy software (Oxford Instruments, Abingdon, Oxfordshire, UK) was 

used to analyze the surface elemental composition and distribution. SEM images for the 

surfaces were taken in the Everhart-Thornley detector (ETD) mode with an acceleration 

voltage of 20 kV with a working distance of 5 mm and original magnifications of 150x, 

10,000x and 40,000x. EDS analysis was performed with an accelerating voltage of 10 kV 

at an original magnification of 150x. Different acceleration voltages were used for SEM 

and EDS because more signals from the surface coatings can be detected at a lower 

acceleration voltage (10 kV), while more signals from the underlying Mg substrates can be 

detected at a higher acceleration voltage (20 kV). To analyze the cross sections and 

determine the thickness of the surface-treated Mg after annealing, the samples were cut 

into half and mounted onto a 90 SEM sample holder, sputter coated under the same 

conditions as mentioned above, and analyzed using SEM and EDS at an acceleration 

voltage of 20 kV, a working distance of 5 mm, and an original magnification of 2,000x. 

The thickness of the MgO layers on Mg substrates was quantified using the ImageJ 

software. 

X-ray diffraction (XRD; Empyrean, PANalytical, Westborough, MA, USA) was 

used to analyze the phases and crystal structures of the samples. All XRD spectra were 

acquired using Cu 𝐾𝛼 radiation (45 kV, 40 mA) at a step size of 0.01° and a dwelling time 
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of 30 seconds using a PIXcel 1D detector (PANalytical). Phase identification was 

performed using the HighScore software (PANalytical). 

1.2.6 Micro-scratch testing of the nMgO on Mg prepared by anodization and EPD 

The interfacial adhesion strength of the prepared samples were evaluated using the 

Micro-scratch Tester (Nanovea, Irvine, CA) equipped with a sphero-conical stainless steel 

stylus with an outer diameter (OD) of 1.5 mm. The load on the stainless steel stylus linearly 

increased from 0 N to 150 N at a normal loading speed of 300 N/min when the stylus was 

drawn across the surface of coating at a distance of 2 mm. The drawing speed of the stylus 

was 4 mm/min. After scratching, the coating surface was analyzed under an optical 

microscope to examine the initial position where the oxide layers delaminated. The normal 

load and frictional force versus scratch distance were analyzed to determine the critical 

load (Lf), which is the force at which the initial delamination occurred.  

1.2.7 Surface roughness, surface area, and contact angle measurements  

The surface topography of 1.9 A, 1.9 AA, EPD and A-EPD samples were 

characterized using a 3-D laser scanning microscope (VK-X150, Keyence), and the surface 

roughness (Sq) and surface area (SA) were measured using the MultifileAnalyzer software 

(VK-H1XME, Keyence) following our previously established method.68  

The surface wettability of the samples was measured using a contact-angle 

goniometer (Easydrop; Krüss) in the ambient environment. For the contact angle 

measurement, 3 L of Tryptic Soy Broth (TSB; Fluka Analytical, Sigma-Aldrich) was 

dropped on the sample surface and the images were taken. The video recordings were saved 

to the connected computer where the contact angles were analyzed using a drop shape 
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analyzer (DSA 100, Krüss). The measurements were repeated at three different locations 

on each sample.  

1.2.8 Antimicrobial study with S. aureus in vitro 

The method used for this in vitro antimicrobial study was adapted from the Japanese 

Industrial Standard JIS Z 2801:2000,66 since it has been validated for testing antimicrobial 

properties of various samples in literature, including surface-treated titanium (Ti) alloys 

and surface-treated polymer substrates.69-72 As illustrated in Figure 1-1, this in vitro method 

was used to determine the antimicrobial properties of the prepared samples against S. 

aureus. The prepared samples were disinfected under ultraviolet (UV) radiation for 2 hours 

prior to the bacterial culture. Polished Mg without surface treatment (i.e. without 

anodization and EPD) and polished titanium (99.99% purity, 1.0 mm thick; Alfa Aesar, 

USA) were included in the bacterial culture as the controls, and glass was included as a 

reference. The Mg and titanium controls were ground with 240, 600, 800 and 1200 grit SiC 

adhesive paper and polished using the polycrystalline diamond paste of up to 0.25 m. The 

Mg and titanium controls and glass reference were ultrasonically cleaned in acetone and 

ethanol for 30 minutes each, followed by disinfection under UV for 2 h. Specific details on 

the bacterial culture methods were described previously.47 Briefly, a portion of frozen stock 

of S. aureus stored at -80C. was transported to 10 mL of TSB in a 50 mL centrifuge tube 

using a sterilized loop. The bacteria were cultured in TSB using a shaker incubator (Incu-

shaker Mini, Benchmark Scientific) at 37C and 250 rpm for 16 hours. An aliquot of 100 

L of S. aureus was added to fresh TSB and cultured for another 4-6 hours. After that, the 

concentration of bacteria in the working stock was determined using a hemocytometer 
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(Hausser Bright-Line 3200, Hausser Scientific) and diluted to a concentration of 7.8 × 106 

cells/mL in TSB, because this concentration is clinically relevant for orthopedic implant 

infections.73 To confirm the actual seeding density of S. aureus, the working stock was 

diluted in 10,000 times using Tris(hydroxymethyl)aminomethane buffer (Tris buffer; 

Acros, Sigma-Aldrich) and 100 L of the suspension was plated on the Tryptic soy agar 

(TSA; Fluka Analytical, Sigma-Aldrich). The agar plates were incubated at 37C for 24 

hours and the colony forming units (CFU) on the agar plates were counted to calculate the 

actual seeding density. The actual seeding density of S. aureus in this study was 6 × 106 

CFU/mL, close to the prescribed seeding density. Sterilized nitrocellulose filter papers had 

a diameter of 1 cm and were placed on a agar plate, and the diluted S. aureus of 50 L, 

containing 6 × 106 CFU/mL, was pipette onto the filter papers. TSB was absorbed by the 

agar and S. aureus retained on the filter paper (Figure 1-1). TSB of 50 L was pipette onto 

the center of each sample surface, and the inoculated filter paper was carefully placed on 

the top of the sample so that the S. aureus became in contact with the sample surface. The 

filter paper with S. aureus fit as an inscribed circle on the 1x1 cm square-shaped samples. 

Each sample with a filter paper on its surface was place on a three-dimensional (3D) printed 

holder in a well of non-tissue-culture treated plates and incubated at 37C  for 24 hours. 

Afterward, 1 mL of Tris buffer was added into each well to retain humidity for the 24-

hours bacterial incubation. The schematic illustration of the 3D printed sample holder and 

its dimensions (Diameter: 15 mm, Height: 10 mm) is shown in Figure 1-1. The bacteria 

only without samples and TSB only without bacteria and samples were incubated as the 

positive control and blank reference, respectively. After 24 hours, the filter paper on each 
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sample and the corresponding sample were placed individually into 5 mL of Tris buffer, 

vortexed for 5 seconds and sonicated for 5 minutes twice to dislodge the adhered bacteria. 

After that, the Tris buffer containing the bacteria dislodged from the samples or 

corresponding filter papers was serially diluted and 100 L of the diluted and non-diluted 

suspension was spread onto the Tryptic soy agar plates. The agar plates were incubated in 

the shaker incubator (without shaking) at 37C for 24 hours and the colony forming unit 

(CFU) on each agar plate was counted. The bacterial concentration was determined by 

measuring the CFUs on agar plates. The bacterial study was run in triplicate for each type 

of samples.  

1.2.9 Bacteria adhesion and morphology after 24-h culture with the samples 

After 24 hours of bacterial culture, one sample from each group was washed 3 times 

with Tris buffer and transferred to a new well plate. Free bacteria that did not attach onto 

the sample were washed away. After the third wash, the bacteria on the sample were fixed 

with 10% glutaraldehyde for 1 h. The 10% glutaraldehyde was diluted previously from a 

25% glutaraldehyde solution (Sigma Life Sciences, Sigma Aldrich) in Tris buffer. After 1 

h, each sample was rinsed 3 times with Tris buffer to remove any glutaraldehyde residue, 

dehydrated using 30%, 75% and 100% ethanol for 30 minutes each, and then air-dried at 

room temperature for 24 hours. The dried samples were sputter coated with Pt/Pd using a 

sputter coater (108 Auto Sputter Coater, Cressington Scientific) at 20 mA for 45 seconds, 

prior to the SEM imaging. Representative images were taken using the same SEM 

described above, with a secondary electron detector at an accelerating voltage of 10 kV, a 

working distance of 5 mm, and original magnifications of 150x and 5,000x. The surface 
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elemental composition of the samples after bacterial culture was analyzed using EDS at an 

accelerating voltage of 10 kV and an original magnification of 150x. The phases and crystal 

structures of the samples after bacterial culture were analyzed using the same XRD as 

described in section 2.2, with PIXcel 1D detector at a step size of 0.01° and a dwelling time 

of 30 seconds. Phase identification was performed using the HighScore software. 

1.2.10 Statistical analyses 

All numerical data in this study were obtained from experiments run in triplicate. 

The numerical data were examined using one-way analysis of variance (ANOVA) followed 

by a Turkey test, when the data sets fulfilled the parametric criteria (i.e., data normality 

was over 0.5). Statistical significance was considered at p < 0.05 for Turkey test. For non-

parametric data (i.e., data normality was less than 0.5), the data sets were examined using 

Kruskal-Wallis analyses followed by a Dunn test and adjusted by Hochberg’s method. 

Statistical significance was considered at p < 0.025 for Dunn test.  

 

1.3 Results 

1.3.1 Surface microstructures and elemental compositions 

Figure 1-2 shows the surface characterization for the samples prepared by 

anodization before annealing (labeled as 1.9 A), by anodization after annealing (labeled as 

1.9 AA), by EPD before annealing (labeled as EPD), and by EPD after annealing (labeled 

as A-EPD). The images from scanning electron microscopy (SEM) in Figure 1-2a at the 

original magnifications of 150x (first column), 10,000x (second column), 40,000x (inset in 

the second column) show the representative nano-to-micron surface features for each 
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sample. The overlay of SEM images and energy dispersive X-ray spectroscopy (EDS) 

maps at the original magnification of 150x are shown in the third column. The SEM images 

at the low magnification of 150x confirmed the homogeneous surface morphology of the 

1.9 A sample. At the high magnification of 40,000, nanoscale crystal structure was 

observed in the anodized layer of the 1.9 A sample. After annealing, microcracks appeared 

on the 1.9 AA sample, with the crack width of 0.193  0.145 m based on the measurement 

for the SEM images taken at an original magnification of 10,000x.  

The SEM images at the low magnification of 150x confirmed the homogeneous 

surface morphology of the EPD sample. At the high magnification of 40,000x, nanoscale 

particles were observed in the coating layer of the EPD sample. After annealing, the SEM 

images of A-EPD sample at 150x show that the MgO nanoparticles tended to fuse along 

the polishing line on Mg and the size of the particles became larger when compared with 

that before annealing (EPD). The high-magnification SEM image shows that the nMgO 

coating became more compact and dense after the annealing process (A-EPD) when 

compared with the coating surface before annealing (EPD).  

The overlaid SEM images and EDS maps in the third column in Figure 1-2a show 

homogenous elemental distribution of Mg and O. The EDS results are shown in Figure 1-

2b. The atomic ratio of O/Mg for the 1.9 A sample is 1.9, which indicated that the 

composition of the anodized Mg sample is Mg(OH)2. The EDS results of the 1.9 AA 

sample show the atomic ratio of 1.2, indicating Mg(OH)2 converted to MgO after 

annealing. The EDS results in Figure 1-2b show the presence of Mg and O elements for 
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the EPD and A-EPD samples; the sample prepared by EPD had a stoichiometry O/Mg 

atomic ratio of 0.3 before annealing (EPD) and 1.1 after annealing. 

 

Figure 1-2: Characterization of surface microstructure and composition for the surface-

treated Mg samples. (a) SEM images of anodized Mg substrates prepared by anodization 

at 1.9 V vs. Ag/AgCl in 10 M KOH at room temperature for 2 h before and after annealing 

(1.9 A and 1.9 AA respectively), and nMgO-coated Mg substrates prepared by EPD in 

ethanol at a concentration of 3 mg/mL before and after annealing (EPD and A-EPD 

respectively). SEM images were obtained at the original magnifications of 150x (the first 

column), 10,000x (the second column), and 40,000x (insets in the second column), 

showing nano-to-micron scale surface microstructures on each sample. The third column 

shows the overlaid SEM images and EDS maps at the original magnification of 150x. Scale 

bar = 400 m for all SEM images at an original magnification of 150x. Scale bar = 5 m 

for all SEM images at an original magnification of 10,000x. Scale bar = 1 m for all SEM 

images at an original magnification of 40,000x. (b) The corresponding surface elemental 

composition (at.%) quantified by EDS area analyses. The EDS analyses were obtained 

from the SEM images at an original magnification of 150x. The atomic ratio of O/Mg 

(at.%/at.%) listed next to the EDS graph was calculated based on the corresponding EDS 

data. 
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1.3.2 Phase identification in the surface-treated Mg samples and Mg control 

The crystalline phases in the surface-treated Mg samples and Mg control were 

characterized using X-ray diffraction (XRD), as shown in Figure 1-3. The XRD spectra of 

the 1.9 A sample shows the presence of Mg, MgO and Mg(OH)2 phases. After annealing, 

the peak for Mg(OH)2 disappeared and the 1.9 AA sample shows the presence of Mg and 

MgO in the XRD spectra, which confirmed the dehydration of Mg(OH)2. The XRD spectra 

of the EPD and A-EPD show the presence of Mg and MgO phases with very small peaks 

of Mg(OH)2. The XRD spectra of the Mg control shows the presence of Mg peaks.  

 

Figure 1-3: X-ray diffraction (XRD) patterns of the surface-treated Mg samples and Mg 

control. (a) anodized Mg (1.9 A); (b) annealed-anodized Mg (1.9 AA); (c) Mg with 

electrophoretically deposited MgO nanoparticles (EPD); (d) Mg with electrophoretically 

deposited MgO nanoparticles and annealed (A-EPD); and (e) Mg control. Phases were 

identified based on Mg (ICSD pattern 01-071-3765), MgO (ICSD pattern 00-030-0794), 

and Mg(OH)2 (ICSD pattern 00-050-1085) standards. 
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1.3.3 Cross-sectional analysis of the samples prepared by anodization and EPD 

Figure 1-4 shows the cross-sectional characterization of the samples of 1.9 A, 1.9 

AA, EPD and A-EPD using SEM and EDS at an original magnification of 2,000x and the 

corresponding EDS maps of elemental distribution for Mg and O. The overly SEM images 

and EDS maps were used to identify the interface between the oxide layers and Mg 

substrates for measuring the oxide layer thickness. The thickness of oxide layers on Mg 

substrates were 4.078  0.423 m and 8.764  1.222 m for 1.9 A and 1.9 AA, respectively. 

The surface layers for EPD and A-EPD had a thickness of 4.398  0.869 m and 11.109  

0.397 m, respectively.  
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Figure 1-4: Cross-sectional characterization of the surface-treated Mg samples by SEM 

and EDS. Montage of SEM images, overlaid SEM images and EDS maps of O (yellow), 

Mg (red) and K (blue), as well as the corresponding overlaid EDS maps (Kα line) for 

elemental distribution of O and Mg. (a) anodized Mg (1.9 A); (b) annealed-anodized Mg 

(1.9 AA); (c) Mg with electrophoretically deposited MgO nanoparticles (EPD); and (d) Mg 

with electrophoretically deposited MgO nanoparticles and annealed (A-EPD). SEM images 

were obtained at an original magnification of 2,000x. Scale bar = 30 m  for all SEM 

images and EDS maps. The average thickness of the oxide layers on Mg substrates was 

labeled in the SEM images, overlaid SEM images and EDS maps of O (yellow), Mg (red) 

and K (blue), as denoted using the double side arrows and values of mean ± SD.  
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1.3.4 Interfacial adhesion strength of the surface oxide layers to Mg substrates 

Progressive loading from 0 N to 150 N was applied on the surface of samples 

prepared by anodization (1.9 A and 1.9 AA) over a distance of 2 mm, whereas progressive 

load from 0 N to 3 N was applied on the surface of samples prepared by EPD (EPD and A-

EPD) over a distance of 2 mm, because the interfacial adhesion strengths of the anodized 

samples (1.9 A and 1.9 AA) are expected to be higher. The loading rate was 5 N/s and the 

moving speed was 4 mm/min. Figure 1-5 shows the normal load and friction force versus 

the scratch distance. The critical loads Lf at the failure points of the surface layers during 

the micro-scratch test are summarized in Table 1-1. The critical load is the smallest load at 

which a recognizable failure of the coating occurs. As observed from the microscopic 

images for all the samples, the initial mark on the surface layers appeared at the beginning 

of the test. The failure load of the top layers of the 1.9 A and 1.9 AA were much higher 

than that of the EPD and A-EPD samples because no delamination occurred between the 

surface layers and the underlying Mg substrates until the progressive load reached the 

maximum load of 150 N, as shown in the microscopic images in Figure 1-5. As the stylus 

continued to penetrate into the surface layer prepared by EPD before annealing (EPD), 

failure of the top layer occurred at 0.55 mm with a load of 0.39 N. For the surface layer 

prepared by EPD after annealing (A-EPD), failure of the top layer occurred at 0.97 mm 

with a load of 1.63 N.  
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Figure 1-5: Micro-scratch testing for interfacial adhesion strength between the MgO 

surface layers and Mg substrates. Left column: optical micrographs of the surface after 

scratch testing. Right column: the results of load, friction force versus distance for the 

samples of anodized Mg (1.9 A), annealed-anodized Mg (1.9 AA), Mg with 

electrophoretically deposited MgO nanoparticles (EPD), Mg with electrophoretically 

deposited MgO nanoparticles and annealed (A-EPD).  
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Table 1-1: Results of critical load (Lf) from the micro-scratch testing for the samples of 1.9 

A, 1.9 AA, EPD, and A-EPD. 

Samples 1.9 A 1.9 AA EPD A-EPD 

Lf [N] >150 >150 0.17  0.18 1.56  0.07 

 

1.3.5 Surface roughness, surface area, and wettability of the oxide layers on Mg 

substrates 

Figure 1-6 (a, b, c, d) show the 3D surface topography, surface roughness and 

surface area of the 1.9 A, 1.9 AA, EPD and A-EPD samples. The respective surface 

roughness (Sq) of the 1.9 A, 1.9 AA, EPD and A-EPD samples were 3.7 ± 0.1 µm, 4.3 ± 

0.1 µm, 1.2 ± 0.1 µm and 1.2 ± 0.1 µm. The surface roughness was analyzed using one-

way ANOVA because the data sets were parametric. One-way ANOVA confirmed a 

significantly higher surface roughness of 1.9 AA sample than the 1.9 A sample, but the 

difference was not considered important because it was so small and around the resolution 

of the microscope optics. The surface roughness of 1.9 A and 1.9 AA samples were 

significantly higher than the EPD and A-EPD samples. The respective surface area (SA) 

of the 1.9 A, 1.9 AA, EPD and A-EPD samples were 6.0 ± 0.1 mm2, 7.5 ± 0.1 mm2, 2.8 ± 

0.1 mm2 and 2.6 ± 0.2 mm2. The surface area was analyzed using one-way ANOVA 

because the data sets were parametric. One-way ANOVA confirmed a significantly higher 

surface area of 1.9 AA sample than the 1.9 A sample. The surface areas of 1.9 A and 1.9 

AA samples were significantly higher than the EPD and A-EPD samples. 

The surface wettability of each specimen was analyzed using the static contact 

angle measurements. TSB was used as the liquid droplets on surface because it was used 
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as culture media for S. aureus in the bacterial study. The contact angles of the samples and 

controls are summarized in Figure 1-6e, including their corresponding microscopic images 

acquired during the contact angle measurements. The contact angles of the 1.9 A, 1.9 AA, 

EPD, A-EPD, Mg, Ti controls and glass reference were 50.6  1.3, 82.9  3.8, 9.4  3.8, 

35.0  3.8, 50.3  5.6, 55.6  3.7 and 52.0   4.7, respectively. The contact angle values 

were analyzed using one-way ANOVA because the data sets were parametric. The 

statistical analysis confirmed that the contact angles of the 1.9 A and 1.9 AA samples were 

significantly higher than that of the EPD and A-EPD samples. The contact angle of 1.9 AA 

sample was significantly higher than the 1.9 A sample. The contact angle of A-EPD sample 

was significantly higher than the EPD sample. The contact angle of 1.9 AA sample was 

significantly higher than the Mg, Ti controls and glass reference. The contact angles of the 

EPD and A-EPD samples were significantly lower than the Mg, Ti controls and glass 

reference. The contact angles of all the samples were less than 90, indicating the surfaces 

were hydrophilic.74  
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Figure 1-6: Surface topography, surface roughness, surface area and contact angle 

measurements for the surface-treated Mg samples of 1.9 A, 1.9 AA, EPD, and A-EPD. 

(a,b,c,d) Surface topography maps from 3D laser scanning, and the calculated surface 

roughness and surface area for (a)1.9 A, (b) 1.9 AA, (c) EPD, and (d) A-EPD samples. The 

scanning area was 1045 µm x 1394 µm. (e) contact angle measurements for 1.9 A, 1.9 AA, 

EPD, and A-EPD samples, controls of Mg and Ti, and glass references. TSB droplets were 

used for the contact angle measurements on all samples. The corresponding droplet 

micrographs were shown on the top of the contact angle data. Values are mean  standard 

deviation; n=3. *p < 0.05. 
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1.3.6 Viability of S. aureus after 24 hours of culture with the samples 

Bacterial viability was quantified on both the sample surfaces and the filter papers 

that covered the sample surfaces, by counting the colony forming units (CFU) on the agar 

plates, as shown in Figure 1-7. No viable S. aureus was detected on 1.9 A, 1.9 AA, EPD 

and their corresponding filter papers, and very few bacteria were found on A-EPD and the 

corresponding filter paper after 24 hours of culture.  

For the bacterial viability on the sample surfaces, ANOVA confirmed that the CFU 

of S. aureus cultured with the 1.9 A and 1.9 AA samples were significantly lower when 

compared with that cultured with Ti control and glass reference. The CFU of S. aureus 

cultured with the EPD sample was significantly lower when compared with that cultured 

with Mg, Ti controls and glass reference. The CFU of S. aureus cultured with the A-EPD 

sample was significantly higher when compared with that cultured with the EPD sample, 

but was significantly lower when compared with that of Mg, Ti controls and glass 

reference. ANOVA also confirmed a significantly lower CFU of S. aureus for Mg control 

when compared with the Ti control.  

For the viability of bacteria from the filter paper that covered the sample surfaces, 

ANOVA confirmed a significantly lower CFU of S. aureus on the filter paper cultured with 

the 1.9 A and 1.9 AA samples when compared with that cultured with the A-EPD sample, 

Mg, Ti controls and glass reference. The CFU of S. aureus on the filter paper cultured with 

the EPD sample was significantly lower when compared with that of Mg, Ti controls and 

glass reference. The CFU of S. aureus on the filter paper cultured with the A-EPD sample 

was significantly higher when compared with that of the EPD sample, but was significantly 
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lower when compared with that of Mg, Ti controls and glass reference. ANOVA also 

confirmed a significantly lower CFU of S. aureus on the filter paper for the Mg control 

when compared with the Ti control and glass reference.  

 

Figure 1-7: Bacterial density after being cultured in TSB with the surface-treated Mg 

samples of 1.9 A, 1.9 AA, EPD, and A-EPD, as well as the controls of Mg and Ti, and the 

glass references for 24 hours, as quantified from colony forming unit (CFU). Bacteria were 

seeded at an actual concentration of 6 × 106 CFU/mL, as indicated by the red dashed line. 

Values are mean  standard deviation; n=9. *p < 0.05. Black solid line indicated the 

statistical analysis results for the bacterial density on the sample surfaces. Blue dashed line 

indicated the statistical analysis results for the bacterial density on the filters covered the 

sample surfaces.  
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1.3.7 Adhesion and morphology of S. aureus after 24 hours of culture with the 

samples 

SEM images were taken after 24 hours of culture with the samples, controls and 

references with S. aureus, as shown in Figure 1-8. No S. aureus was found on the surfaces 

of the 1.9 A, 1.9 AA, EPD and A-EPD samples. Few S. aureus was observed on their 

corresponding filter papers, and the morphology of S. aureus on the filter papers that 

cultured with the 1.9 A, 1.9 AA, EPD and A-EPD samples was distorted with observable 

damage in the cell wall and cell membrane, in contrast to the typical round morphology of 

S. aureus as seen in the Ti control and glass reference. The bacteria on the surfaces of Ti 

control and glass reference aggregated with an appearance of biofilm, which was also 

found on their corresponding filter papers. No bacteria were found on the surface of the 

Mg control, but some S. aureus aggregated on the filter paper that cultured with the Mg 

control.  

The SEM images at an original magnification of 150x and 40,000x (insets) in 

Figure 1-8a also show the surface morphology of the samples and controls at the end of 

24-h culture. At low magnification of 150x, corrosion-induced microcracks propagated 

along the surfaces of the 1.9 A, 1.9 AA and A-EPD samples, with crack widths of 1.502  

0.641 m, 2.312  1.139 m, and 0.406  0.062 m, respectively, based on the 

measurements on their responding SEM images at the original magnifications of 150x. The 

surface morphology of the EPD sample was very similar to that of the Mg control, indicates 

that some MgO coating might have delaminated from the Mg substrate during the bacterial 

culture. At the high magnification of 40,000x, distinct nano-scale features were observed 
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on the 1.9 A, 1.9 AA, EPD and A-EPD samples, and corrosion-induced micro-cracks 

penetrated through the EPD sample. The nanostructures of platelet-like morphology were 

observed on the Mg control at the magnification of 40,000x (inset) and considered to be 

the MgO/Mg(OH)2 degradation products. 

Figure 1-8b summarizes the elemental composition (in at.%) quantified from the 

EDS analyses at an original magnification of 150x. Mg, O, C, and P were found on the 

surfaces of 1.9 A, 1.9 AA and A-EPD samples after culture with S. aureus in TSB. Mg, O, 

C, P and trace amount of Cl were found on the surfaces of the samples of EPD after culture 

with S. aureus in TSB. Specifically, the surfaces of the 1.9 AA, EPD and A-EPD samples 

had a higher weight percent of C and O when compared with the Mg control. In contrast 

to the surface of the Mg control where only Mg, O and C elements appeared, the surfaces 

of 1.9 A, 1.9 AA, EPD and A-EPD show small amounts of P, indicating phosphorus-

containing minerals deposition.  
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Figure 1-8: Characterization of surface microstructure and composition after 24-h of 

bacterial culture. (a) SEM images of the 1.9 A, 1.9 AA, EPD, A-EPD, Mg, Ti, Glass and 

the respective nitrocellular filter papers (with F as prefix in abbreviation) on each sample 

after bacterial culture. The abbreviations of F_1.9 A, F_1.9 AA, F_EPD, F_A-EPD, F_Mg, 

F_Ti, F_Glass refer to the filters on the corresponding samples. SEM images of the samples 

were obtained at an original magnification of 150x and 40,000x (the inset SEM images), 

showing nano-to-micron scale surface features for each sample after bacterial culture. SEM 

images of the respective nitrocellular filter papers were obtained at an original 

magnification of 5,000x. Scale bar = 200 m for all SEM images at an original 

magnification of 150x. Scale bar = 5 m for all SEM images at an original magnification 

of 5,000x. Scale bar = 1 m for all SEM images at an original magnification of 40,000x. 

The red dashed circles on the SEM images highlight the adhered S. aureus on the surfaces 

of different samples. (b) Surface elemental compositions (at%) of the 1.9 A, 1.9 AA, EPD, 

A-EPD, and Mg samples were quantified by EDS area analyses and plotted in the bar 

graph. The EDS analyses were performed on the SEM images at an original magnification 

of 150x.  
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Figure 1-9 shows the XRD spectra for the 1.9 A, 1.9 AA, EPD, A-EPD samples 

and Mg control after 24-h culture with S. aureus in TSB. The phases were identified based 

on the standards in the Inorganic Crystal Structure Database (ICSD); specifically, 01-071-

3765 for Mg, 00-030-0794 for MgO, 00-050-1085 for Mg(OH)2 and 01-086-2348 for 

MgCO3. The XRD spectra confirmed the newly formed compound MgCO3 and the 

presence of MgO and Mg(OH)2 on the surfaces of 1.9 A, 1.9 AA, EPD, and A-EPD samples 

and Mg control, which was in agreement with the EDS analyses. The nanostructured 

degradation products on Mg control were most likely to be MgO/Mg(OH)2 considering the 

platelet-like morphology as shown in the SEM images in Figure 1-8, detection of MgO, 

Mg(OH)2 and MgCO3 phases in the XRD spectra in Figure 1-9, and other reports in 

literature.50, 75-76 In this study, the Mg peaks are much more intense than the other peaks 

because the surface coating layers were only around a few micrometers, in which the 

conventional XRD detected the signals from both the coatings and the substrates, 

producing relatively weak signals from the thin surface layers and intense signals from the 

Mg substrates. Similarly, for the thin degradation layers after bacterial culture, the peaks 

for phosphorus-containing compound may be too small to be detected, but it was actually 

in the degradation layers, since the presence of P was detected in the EDS results.  
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Figure 1-9: X-ray diffraction patterns of the surface-treated Mg samples and Mg control 

after 24-h bacterial culture. (a) anodized Mg (1.9 A); (b) annealed-anodized Mg (1.9 AA); 

(c) Mg with electrophoretically deposited MgO nanoparticles (EPD); (d) Mg with 

electrophoretically deposited MgO nanoparticles and annealed (A-EPD); and (e) Mg. 

Phases were identified based on Mg (ICSD pattern 01-071-3765), MgO (ICSD pattern 00-

030-0794), Mg(OH)2 (ICSD pattern 00-050-1085), and MgCO3 (ICSD pattern 01-086-

2348) standards.  

1.4 Discussion 

1.4.1 Comparison of nanostructured MgO on Mg prepared by anodization and EPD 

Different surface treatment techniques could produce surface layers of various 

thickness on Mg substrates with different microstructures, surface properties (i.e., surface 
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roughness, surface area and surface wettability), and interfacial adhesion strength. Thus, it 

is essential to compare the oxide layers on Mg substrates prepared using anodization versus 

EPD, for determining the relationships between the processing conditions and the 

corresponding microstructure, oxide layer thickness, surface properties, and interfacial 

adhesion strength.  

Anodization involves electrochemical reactions to create oxide layers on the 

surfaces of the working electrodes under certain applied current and voltage.50 In contrast, 

during the EPD process, the charged particles suspended in the electrolyte accumulate on 

the working electrode under the applied electric field, without chemical reactions. 

Therefore, the characteristics of oxide layers formed on Mg by anodization or EPD would 

be different. As shown in Figure 1-2a, a homogenous, compact Mg(OH)2 layer formed on 

Mg via anodization, while small pores between particulates were visible in the MgO layer 

produced by EPD. The surface roughness of the 1.9 AA samples in this study (Sq = 4.3 ± 

0.1 µm), was deemed to be close to the samples in a previous report (Sq = 3.0 ± 0.5 µm),50 

considering the standard deviation and the resolution of the microscope optics. In 

comparison with the oxide layers produced by EPD, the surface roughness of oxide layers 

produced by anodization was significantly higher, likely because of finer Mg(OH)2/MgO 

nanostructures of the 1.9 A and 1.9 AA samples, as shown in the SEM images in Figure 1-

2. Rougher surfaces of 1.9 A and 1.9 AA samples exhibited significantly larger surface 

area than EPD and A-EPD samples. According to the Wenzel model of liquid on solid 

surfaces, chemically hydrophilic surface should become more hydrophilic if surface 

roughness increased.77 This contradicted our findings on the surface roughness and 
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wettability, likely because of the differences in surface microstructure and elemental 

composition produced via these two different surface treatment techniques.  

After anodization, annealing at 450C in argon (Ar) dehydrated the Mg(OH)2 phase 

and converted the Mg(OH)2 phase into MgO phase, as shown in the XRD spectra in Figure 

1-3. For the specimens prepared by anodization, the change of Mg/O atomic ratio from 

1:1.9 before annealing to 1:1.2 after annealing in Figure 1-2b EDS analyses, also supported 

the chemical conversion of the oxide layers from Mg(OH)2 to MgO through dehydration.75 

The conversion from Mg(OH)2 to MgO during the annealing process resulted in 

microstructural shrinkage and thus formation of micro-cracks throughout the oxide layer, 

mainly because decomposition of Mg(OH)2 resulted in pseudomorphous transformation of 

each single platelet and the newly formed MgO had a smaller size.78 In contrast, for the 

EPD samples, XRD confirmed the oxide layers were mainly composed of MgO, with a 

small amount of Mg(OH)2. The atomic ratio between the Mg and O was 1:0.3 before 

annealing, indicating the oxide layer on Mg contained some pores, which allowed the 

detection of more signals from the underlying Mg substrate. However, the annealing 

process fused and consolidated the MgO nanoparticles to a dense and compact oxide layer 

on Mg substrate (Figure 1-2), which resulted in an atomic ratio between the Mg and O to 

be 1:1.1, close to 1:1. Even though no significant difference in surface roughness was 

detected between EPD and A-EPD samples, the oxide layer produced by EPD became less 

hydrophilic after annealing. Moreover, the annealing process increased the thickness of the 

oxide layers for the specimens prepared by anodization and EPD; specifically, from 4.078 

 0.423 m for 1.9 A to 8.764  1.222 m for 1.9 AA, and from 4.398  0.869 m for EPD 
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to 11.109  0.397 m for A-EPD. Cipriano et al.50 and Cortez Alcaraz et al.51 reported the 

thickness for 1.9 A, 1.9 AA and A-EPD samples were 2.34  0.53 m, 21.8  8.9 m, 

10.1 0.3 m, respectively. The thickness of the oxide layers in this study was considered 

to be similar to the previous reports within the range of standard deviation.50-51 In some 

case, it was reported that the protection provided by the coating layer was proportional to 

the coating thickness.59 In other case, the corrosion resistance provided by the MgO layers 

on Mg strongly depended on the combination of surface morphology, surface roughness, 

surface area, surface wettability and thickness of MgO.79-80 Our previous results showed 

that MgO layers prepared by both anodization and EPD affected the degradation mode and 

rate of Mg after 9-day immersion in revised simulated body fluid (r-SBF) and Dulbecco’s 

modified Eagle’s medium (DMEM); that is, such oxide layers resulted in more 

homogenous degradation mode and reduced initial H2 gas release when compared with 

non-coated Mg controls.50-51  

In addition to the surface properties and thickness of the oxide layers, the interfacial 

adhesion strength between the oxide layer and the underlying Mg substrates is an important 

parameter to consider for medical implant applications, because any delamination of the 

surface layers during in vivo implantation could release particulate debris and thus cause 

adverse effects on the surrounding tissue and implant performance.81 Clearly, the 

anodization process could provide superior interfacial adhesion strength between the MgO 

layers and the underlying Mg substrates due to the presence of chemical boning at the 

interface.82 In this study, the oxide layers created by anodization did not shown 

delamination on the surface even after micro-scratch testing at a critical load Lf higher than 
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150 N. The critical load from the micro-scratch testing indicates the cohesive (bonding 

within the coating layers) and adhesive (bonding of a coating to the substrate) strength of 

a coating.83 The higher the critical load the stronger the interfacial adhesion strength. For 

the MgO layers on Mg created via anodization, the applied voltage should be lower than 

the value at which water dissociates, to achieve a compact layer onto Mg. When the 

anodization voltage is higher than the voltage for water decomposition, oxygen evolution 

occurs instead of thickening the oxide layers.19 When the anodization voltage is higher than 

the dielectric break-down voltage, usually up to 300 V,84 or higher up to 500 V,85 the 

process is called PEO or micro arc oxidation (MAO), where a plasma is generated while 

the oxide layer grows. The PEO/MAO process would produce craters with sizes of a few 

microns due to the electric currents locally breaking through the growing layer.19 

Therefore, it is interesting to compare the interfacial adhesion strength of the oxide layers 

prepared by different processes, such as MAO/PEO, anodization and EPD. Durdu et al. 

developed oxide coatings on Mg using micro arc oxidation (MAO) at different current 

densities, with the critical load ranging from 58 to 84 N when the coating thicknesses 

ranged from 25 to 40 m.86 Aktug et al. reported a critical load of 98 N and 109 N for the 

plasma electrolytic oxide (PEO) coatings on AZ31 Mg alloy in the solution of KOH and 

two different concentration of sodium metasilicate pentahydrate (Na2SiO3 ∙ 5H2O) 

electrolytes with the coating thickness of 73.3 and 67.6 m. Mandelli et al. found a critical 

load from 15 N to 22 N for the anodic oxides or oxide/saline composite coatings with or 

without addition of nanoparticles (TiO2, ZrO2 and Al2O3) on AM60B Mg alloy prepared 

by micro-arc anodic oxidation (MAO) with the thickness of 5 to 18 m.87 Overall, the 
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anodized oxide layers on Mg prepared in this study showed a significantly higher 

interfacial adhesion strength when compared with other reports in literatures.86-88 However, 

under an external shear force, the oxide layers on Mg prepared by EPD would be damaged 

more easily than the samples prepared by anodization, because the interfacial adhesion 

strength of the EPD samples were at least 100 times less than the anodized samples.  

1.4.2 Antimicrobial properties of nanostructured MgO on Mg prepared by 

anodization and EPD 

The bacterial culture was carried out using a method modified from the JIS Z 2801 

standard to simulate the situation of an infection that could occur in the primary surgery.69 

In the bacterial culture, we increased the volume of bacterial suspension to 50 L instead 

of 20 L or 36 L described in the standard and literature,69, 71 because 50 L was the 

maximum volume that the sample of 10 mm x 10 mm can hold on the top surface. 

Moreover, we added 1 mL of Tris buffer into each well of culture plates to retain moisture 

in the well during 24-h incubation. The bacteria density adhered on the samples and their 

corresponding filter papers was analyzed by counting the CFUs after 24-h bacterial culture. 

The method of plating and counting CFUs is well-accepted in microbiology for 

determining the bacterial viability.  

Mg has been previously reported to reduce the growth of S. aureus when compared 

with the bacterial control and 316 stainless steel intramedullary pins (316LLS) in vitro.89 

In this study, no viable S. aureus was found on the surface of Mg. However, S. aureus on 

the filter paper on Mg still remained viable at a level of 103 CFU/mL, which was 0.02% of 

bacterial seeding density. In contrast, the anodized Mg with a nanostructured MgO layer 
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on the surface or the Mg coated with MgO nanoparticles by EPD, killed all S. aureus on 

the sample surfaces and on the filter papers on the samples at the end of 24-h culture in 

vitro, indicating a greater potency against bacterial adhesion than non-treated metallic Mg 

surface. Despite the difference in surface morphology and surface roughness of the 

nanostructured oxide layers prepared by anodization and EPD, they showed similar 

inhibitory effect on bacterial growth, probably because they were all hydrophilic and 

shared similar chemical compositions. Moreover, although the thicknesses of the 

nanostructured MgO layers on Mg prepared by anodization and EPD were different, they 

all showed similar bactericidal effects against S. aureus.  

The kinetic studies on the antibacterial effects of the MgO microparticles and 

nanoparticles against E. coli and S. epidermidis have been reported previously.90-91 For 

example, the death rate constant of the E. coli increased linearly in the 0- 80 minutes of 

incubation with 1.25 mg/mL to 20 mg/mL of MgO microparticles at the temperature of 

37°C.90 When S. epidermidis was exposed to 0.2 mg/mL MgO nanoparticles, the bacterial 

growth was inhibited when compared with the bacteria-only control based on their optical 

density (OD) readings, and the growth kinetics of S. epidermidis showed that the bacterial 

growth was delayed for a few hours initially and afterwards partially inhibited when 

compared with the bacteria-only control in the 0-12 hours of incubation.Error! Hyperlink 

reference not valid. However, the antibacterial kinetics of MgO nanoparticles or coatings 

against S. aureus has not been reported yet. For the future studies, we recommend further 

kinetics analysis of the antibacterial effect of the nMgO-coated Mg in the 0-24 hours of 

incubation time or longer if there were viable bacteria remaining. 
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1.4.3 Factors affecting the viability and morphology of S. aureus  

The factors influencing bacterial adhesion on implant surfaces include surface 

chemistry, surface charge, surface roughness, surface area, and hydrophilicity.92 In this 

study, we mainly investigated the correlation between the surface properties of the 

biomaterials, such as, surface chemistry, surface roughness/area, hydrophilicity, and their 

antimicrobial properties. MgO nanoparticles have shown antibacterial effects against both 

gram-positive bacteria, i.e., S. aureus, S. epidermidis and methicillin-resistant 

Staphylococcus aureus (MRSA) and gram-negative bacteria, i.e., E. coli and P. 

aeruginosa.46-47 However, based on the previous study on S. epidermidis, a gram-positive 

bacterium, the increases of broth pH up to 10 or Mg2+ concentrations up to 50 mM were 

not the main factors contributing to antimicrobial properties of MgO nanoparticles.47  

One proposed mechanism could be the contact between MgO and the bacteria 

caused damage to the cell wall/membrane, leading to leakage of the internal minerals, 

proteins and genetic materials.46-47, 93 For the gram-positive bacteria, the positively charged 

MgO nanoparticles may interact with the negatively charged phosphate groups, or trapped 

in the peptidoglycan layer of the bacteria, which may inhibit their growth.47  

The oxidative stress and the produced intracellular reactive oxygen species (ROS) 

were also considered to be critical for the antibacterial activities of nanomaterials. 

Recently, Das et al. proved that the antibacterial effects of nanostructured MgO was ROS 

dependent based on the peroxide (H2O2) detection.94 Some bacteria such as S. aureus that 

undergo aerobic respiration also generate superoxide dismutase (SOD) to neutralize the 

ROS. If more ROS were produced and not timely neutralized by the SOD, the excess ROS 
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could cause damage to the bacteria.95-97 The ROS generation is dependent on 

physicochemical properties of the nanomaterials, i.e., particle size, shape, surface area, 

chemical composition, degree of agglomerations, and the testing systems, i.e., bacterial 

types.98-99 Among the physicochemical properties, the particle size, surface area and 

chemical composition are the key factors for the production of ROS.98 The decrease of 

particle size will lead to an increase of surface area, because particle size and surface area 

are related. As the surface area increases, the number of active sites at which ROS 

generation can take place would increase.98 In this study, the surface area of the 

nanostructured MgO layer produced using anodization is larger than that produced using 

the EPD method, as shown in Figure 1-6. Therefore, we speculated that the nanostructured 

MgO layer produced using anodization could generate higher amount of ROS than the EPD 

method. Moreover, when the MgO nanoparticles inhibit the growth of the bacteria, it may 

disrupt the quorum sensing among the bacteria because of the reduction in the number of 

bacteria in the culture suspension.47 Previous studies in the literature 47, 100-102 revealed that 

quorum sensing could affect bacterial properties such as virulence factors and the ability 

of bacteria to communicate to each other, inhibiting their activities and functions. 

Therefore, in our in vitro culture model of this study, the close contact of the bacteria with 

the nanostructured MgO might strengthen the interactions between nanostructured MgO 

and the bacterial wall/membrane, or increase the local ROS generated by the 

nanostructured MgO, thus killing the nearby bacteria within 24 hours. 

Surface roughness of biomaterials is another relevant factor that affects bacterial 

adhesion. Rougher surfaces at the micrometer scale normally promote bacterial adhesion 
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due to the increased surface area that provides more sites for bacterial colonization.92 In 

our previous study, the surface roughness of Mg control was 0.113 ± 0.006 µm,50 which 

was significantly lower than the oxide layers produced by anodization and EPD. In this 

study, the rougher oxide surfaces produced via anodization and EPD showed better 

inhibitory effects on the growth of S. aureus when compared with the smoother non-treated 

surface of Mg control. This could be due to the synergic effect of surface chemistry, surface 

roughness and area, and hydrophilicity. The higher surface roughness and larger surface 

area of the oxide layers formed via anodization and EPD could lead to the increased 

presence of MgO nanostructures on the surface for disrupting bacterial activities.  

Apart from surface chemistry and surface roughness of the implants, surface 

hydrophilicity also plays a significant role in biomaterial-bacterium interactions.74 

Thermodynamic theory suggested that the adhesion of S. aureus and S. epidermidis favored 

hydrophobicity of the biomaterial surface, which is considered to be the main driving force 

for general bacterial adhesion. Mackintosh et al. found that the adhesion of S. epidermidis 

after cultured with polyethylene terephthalate (PET) in phosphate-buffered saline for 24 

hours was lower on the PET samples with hydrophilic modification when compared with 

the unmodified control and the other modified surfaces.103 However, when the samples 

were incubated in serum in vitro, the hydrophilic, hydrophobic and control surfaces all 

showed low bacteria adhesion.103 One of the main reasons for the difference among these 

studies is that the protein absorption on biomaterials could alter their surface properties. 

Bare biomaterials would be coated with proteins from blood and interstitial fluids within 

nanoseconds when implanted.42 Surface hydrophilicity could influence the bonding 
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strength, conformation and orientation of proteins adhered to the surfaces, and composition 

of the macromolecular layer formed on the surfaces via selective adhesion from the 

biological fluid.104-105 Therefore, the surface properties of biomaterials that affect protein 

adhesion and conformation could thus influence bacterial adhesion. In this study, the 

samples prepared by anodization and EPD before and after annealing, are all hydrophilic, 

coupled with their surface chemistry, roughness and nanostructures, could contribute to the 

observed antibacterial effect in vitro.  

We believe that MgO nanostructures created on Mg-based metals should have 

bactericidal or inhibitory effect against many types of pathogenic microbes, such as gram-

positive bacteria (S. aureus, S. epidermidis and MRSA), gram-negative bacteria (E. coli and 

P. aeruginosa), and infectious yeasts [drug-sensitive Candida albicans (C. albicans), 

fluconazole resistant Candida albicans (C. albicans FR), drug-sensitive Candida glabrata 

(C. glabrata) and echinocandin resistant Candida glabrata (C. glabrata ER)], on the basis 

that MgO nanoparticles had a broad antimicrobial spectrum against all these microbes.46-47 

In the future studies, it is still necessary to test all these microbes with the nanostructured 

MgO on Mg substrates to determine the full-spectrum antimicrobial properties, because 

microbial interactions with the nano-MgO surface on Mg substrates may differ from MgO 

nanoparticles even though they both share the same chemistry of MgO.  

1.4.4 Mg with nanostructured MgO surface layer for biomedical applications  

The cytocompatibility and degradation performance of nanostructured MgO on Mg 

substrates prepared by anodization or EPD have been separately reported in our previous 

studies.50-51 The specimens from both anodization and EPD have shown lower H2 gas 
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release than the polished bare Mg, and no adverse effects on BMSCs under indirect contact 

conditions of in vitro direct culture.50-51 The significance of this study was to elucidate the 

relationships between the two different processing methods and the resulted differences in 

surface properties for the first time. Specifically, we investigated and compared the surface 

properties including microstructures, surface roughness and area, surface wettability, and 

interfacial adhesion strength of the surface oxide layers on the Mg substrates prepared by 

anodization versus EPD. Moreover, in this study, we discussed the correlation between the 

surface properties and the bactericidal effects of the prepared samples and first reported the 

synergic effects of surface chemistry of nanostructured MgO, surface roughness and 

surface area, and hydrophilicity of the prepared samples on reducing bacterial adhesion 

and growth. This study confirmed the critical hypothesis regarding bactericidal properties 

of the nanostructured oxide layers on pure Mg. The killing effect of the surface-treated Mg 

by anodization and EPD against S. aureus is very promising for preventing severe 

infections and associated complications in medical implants, especially in the cases of 

trauma surgeries for open wound. Moreover, the nanostructured MgO on Mg prepared 

using the anodization method showed much stronger interfacial adhesion strength than the 

EPD method, thus more favorable for medical implant applications.  

Remarkable progress has been made in the developments of Mg-based biomaterials 

and clinical translation in recent years, especially Mg-RE alloys. The clinical application 

of MgYREZr screw has first been reported in Germany for treatments of mild hallux 

valgus, demonstrating better biocompatibility and osteoconductive properties when 

compared with Ti screws.23 More recently, MgYREZr screw was used in the fixation of 
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distal fibular fractures and intra-articular fractures in clinical case studies, and the results 

have shown complete fracture healing and free range of motion in the patients.24-25 To 

further optimize the collective properties of Mg-based implants including degradation 

properties, biocompatibility, bioactivity, and antimicrobial properties, our methodology for 

developing nanostructured oxide layers could be applied on the Mg-RE alloys or any other 

kinds of Mg alloys.  

The collective properties of the surface-treated Mg by anodization and EPD in 

cytocompatibility, degradation performance, and antimicrobial activities are promising for 

biomedical implant applications. The mechanisms for the bactericidal properties of the 

developed MgO nanostructures on Mg were mainly discussed based on literatures. Further 

experiments will be needed to determine the specific contributions of the proposed 

mechanisms, such as bacterial membrane damage, ROS generation, and quorum sensing 

disruption caused by MgO surface chemistry, surface roughness and surface area, and 

wettability. Moreover, the performance of the nanostructured MgO on Mg requires further 

studies in vivo, because the different conditions in vivo such as high shear stress in different 

anatomical sites could influence bacterial behaviors, e.g., the rates of horizontal gene 

transfer and mutations.42 Therefore, it is necessary to perform in vivo studies in a functional 

animal model with infection for the nanostructured MgO on Mg-based metals toward 

clinical translation.  

1.5 Conclusions 

This article reported the surface morphology, elemental composition, crystalline 

phases, surface roughness, surface area, surface wettability, interfacial adhesion strength 
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between the surface oxide layers and underlying Mg substrates, and antimicrobial 

properties of nanostructured MgO on Mg prepared by respective anodization and EPD 

processes, that is, 1.9 A, 1.9 AA, EPD and A-EPD samples. The anodized Mg samples of 

1.9 A and 1.9 AA showed superior interfacial adhesion strength between the MgO surface 

layers and the underlying Mg substrates than the samples prepared by EPD and A-EPD 

processes. The strong interfacial adhesion of the nanostructured MgO surface layer to the 

underlying Mg substrate could lead to better performance in clinical applications, including 

improved biocompatibility, corrosion resistance and antibacterial activity, for the 1.9 A and 

1.9 AA samples, during in vivo implantation. The in vitro bacterial study of the surface-

treated Mg against S. aureus showed impressive bactericidal effects, indicating a great 

potential in reducing device-associated infections in many clinical areas. The mechanisms 

of bactericidal effects could be related to the surface chemistry coupled with the surface 

roughness, surface area and hydrophilicity, which enhanced the functions of the ROS 

generated by the MgO nanostructures, and the interactions between MgO nanostructures 

and bacterial wall/membrane. Further studies are needed to elucidate the exact 

mechanisms. In the future, it is necessary to perform in vivo studies in an infected animal 

model for validation of nanostructured MgO on Mg-based metals for reducing infection 

while promoting healing.  
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Chapter 2 In Vitro Degradation, Cytocompatibility, and Antimicrobial Properties of 

Nanostructured Oxides on Magnesium Alloys 
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Abstract 

This article reported the optimal parameters of anodization to create homogeneous 

nanostructured oxide layers on magnesium (Mg)-2 wt% zinc (Zn)-0.5 wt% calcium (Ca) 

(designated as ZC21), Mg-4 wt% Zn-1 wt% strontium (Sr) (designated as ZSr41),  and 

pure Mg pins. The microstructure, crystallized phases, surface roughness/area and 

electrochemical corrosion behavior were studied.  The surface-treated ZC21 prepared at 

1.9 V,  surface-treated ZSr41 prepared at 1.8 V and surface-treated pure Mg prepared at  

1.8 V showed significantly lower corrosion current densities in revised simulated body 

fluid (r-SBF), and reduced adhesion of MRSA on their surfaces in vitro. The soluble 

degradation products released from the surface-treated ZC21, ZSr41 and pure Mg  did not 

the cells under indirect contact, but showed reduced cell spreading and adhesion at the cell-

biomaterial interfaces when compared with Ti with same geometry and glass with flat 

surface, probably because of the change of surface topography and compositions at the 

dynamic interfaces. This in-depth systematic study has demonstrated the potential of 

anodized ZC21, ZSr41 and Mg pins for biomedical applications, and should be further 

studied in vivo toward clinical translations. 
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2.1 Introduction 

Conventional inert metallic materials  such as titanium, stainless steel and cobalt 

alloys for fracture fixation devices has caused several complications, i.e., stress-shielding 

induced weakening of bone and secondary removal of the implants.18 In 2010, it was found 

that a total of 180,000 additional surgeries were performed to remove permanent fixation 

devices in Germany, making it the fourth most commonly performed surgical procedures 

following fracture fixation, arthroscopies and intervertebral disk interventions in 

orthopedic surgery.106 Recent advances in biodegradable Magnesium (Mg) implants 

demonstrated the potential to revolutionize the treatments of bone fractures and heart 

diseases due to its excellent biodegradability, biocompatibility and mechanical properties. 

Mg is the fourth most abundant element in human body and involved in hundreds of 

biochemical reactions and serves as a key element in the construction of bone and soft 

tissue.107 The excessive Mg ions released from the degradation of Mg-based biomaterials 

can be transported via the circulatory system and excreted by way of urine and feces, 

without causing any adverse effects.108 It was found that the hydroxide ions (OH-) that 

cause the alkaline condition adjacent to the Mg screws implanted into the femoral shaft of 

rabbits could be quickly neutralized according to the in-situ measurement using a micro-

pH sensor.109 However, the hydrogen (H2) gas released from the degradation of Mg-based 

biomaterials could form gas bubbles in the peri-implant tissue if the degradation rate of the 

Mg-based implant is fast, which may cause health risks in patients.110-111 Therefore, it is 

necessary to control the degradation rate of Mg-based implants to reduce H2 accumulation. 

Moreover, for orthopedic applications, implant infections still are a significant clinical 
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problem, with current treatment limited to surgical debridement, device removal and long-

term systematic antibiotic regiments. However, the long-term antibiotic treatment can lead 

to the development of opportunistic infections and antibiotic resistance.112-113 

Adding alloying elements into pure Mg or surface treatments are two possible ways 

to improve the overall performance of Mg-based biomaterials for orthopedic applications. 

The most common alloying elements utilized in Mg-based biomaterials are calcium (Ca), 

zinc (Zn), manganese (Mn), tin (Sn) and silver (Ag).114 Recent developments of Mg-Zn-

Ca alloy has shown that the addition of Zn and Ca could improve the mechanical strength 

and corrosion resistance because of grain refinements and solid solution strengthening.115 

Zn is one of the most essential elements in human body and beneficial for improving the 

corrosion potential and reduce the degradation rate of Mg.16, 116-117  The addition of 1 – 4 

wt% Zn in the Mg matrix significantly increased the mechanical properties, i.e., ultimate 

tensile strength and elongation.118 Excessive addition of Zn in the Mg matrix could lead to 

severe micro-galvanic corrosion of Mg alloys.16 The overall performance of Mg-Zn alloys 

with low Zn content can be further modified by adding the Ca element. Ca is the most 

abundant elements in the human body and present in the hydroxyapatite in the skeleton in 

the form of Ca2+. However, The MgCa alloy with a concentration of Ca higher than 1.34 

wt% could generate Mg2Ca to induce micro-galvanic couples that could accelerate 

corrosion.119  In our previous study, the as-cast the Mg-2 wt% Zn- 0.5 wt% Ca (named 

ZC21) alloy showed the best overall performance among four Mg-xZn-0.5 wt% Ca (x = 

0.5 wt%, 1.0 wt%, 2.0 wt% and 4.0 wt%) alloys, including slower degradation rate and 

improved cytocompatibility in direct exposure culture with BMSCs in vitro.115 Moreover, 
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the ZC21 alloy has shown significantly higher BMSC adhesion and better antimicrobial 

properties in vitro, and slower degradation in a mouse femoral defect model when 

compared with the Mg-4 wt% Zn-1 wt% strontium (named ZSr41) alloy and Mg control.67  

Similar to that of Ca, the proper addition of strontium (Sr) could further improve the 

corrosion resistance and mechanical properties of Mg-Zn alloys. Sr is a natural element in 

bones and can promote the osteoid formation and bone growth.120 The processing, 

microstructure, composition, mechanical properties, in vitro degradation properties, 

cytocompatibility and inflammatory response of the  Mg-4 wt% Zn-xSr (x = 0.15, 0.5, 1, 

1.5 wt%) were studied previously.121-124 Mg-4 wt% Zn-1 wt% Sr (named ZSr41) had the 

optimal overall performance among the four different Mg-Zn-Sr alloys. Furthermore, in 

our previous study, the ZSr41 intramedullary pins showed a significant net bone growth 

through intramedullary implantation in the proximal tibia of rat for  47 days.14  However, 

the ZSr41 intramedullary pins showed a significantly higher degradation rate than the Mg 

control when implanted in the rat tibia.14  As alloying of Mg is challenging because of low 

solubilities of many elements and the contents and types of some alloying elements in Mg 

should be strictly controlled to ensure biosafety in human body,125 surface treatments for 

Mg alloys become a very attractive way to improve their corrosion resistance and cellular 

interactions.   

The corrosion resistance, cytocompatibility and antimicrobial properties of the 

ZC21 and ZSr41 alloys could be further improved by creating a nanostructured MgO layer 

on their surfaces. MgO nanoparticles with a lower concentration of less than 200 µg/mL 

could enhance the proliferation of BMSCs in vitro.46 In addition, applying a dense MgO 
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layer onto the Mg alloys could reduce the degradation rate in the physiological 

environment.48-49 Our previous study found that applying a dense nanostructured MgO 

layer on pure Mg substrate using anodization inhibited the growth of Staphylococcus 

aureus (S. aureus) and reduced H2 during the 9-day immersion study in both revised 

simulated body fluid (r-SBF) and Dulbecco’s modified Eagle’s medium (DMEM) in 

vitro.50, 126 Additionally, the soluble degradation products released from the anodized Mg 

did not have adverse effects on the adhesion and morphology of the surrounding bone 

marrow derived mesenchymal stem cells (BMSCs) in direct culture in vitro.50 However, 

no report was found so far for developing nanostructured MgO layers onto ZC21 and ZSr41 

alloy pins using anodization.  

The objectives of this study was to engineer nanostructured MgO layers on ZC21, 

ZSr41 and Mg pins using anodization and determine the effects of processing parameters 

on their surface microstructure and properties, corrosion properties, and in vitro 

degradation and biological properties. Specifically, first, we adapted the previously 

established anodization process and studied the effect of the applied voltages on their 

surface characteristics. Second, we investigated the in vitro degradation of the anodized 

ZC21, ZSr41 and Mg using electrochemical methods. Third, we comprehensively studied 

the degradation, cytocompatibility with BMSCs and antimicrobial properties against 

methicillin-resistant Staphylococcus aureus (MRSA) of the anodized ZC21, ZSr41 and Mg 

pins in vitro. To our knowledge, this is the first in-depth systematic study to report and  

compare  the degradation properties, cytocompatibility and antibacterial properties of the 

anodized ZC21, ZSr41 and pure Mg in vitro.  
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2.2 Materials and Methods 

2.2.1 Anodization of the ZC21, ZSr41 and Mg pins 

2.2.1.1 Preparation of ZC21, ZSr41 and Mg pins 

The ZC21 alloy with a nominal composition of 2.0 wt.% Zn and 0.5 wt.% Ca in the 

Mg matrix and the ZSr41 with a nominal composition of  4.0 wt.% Zn and 1 wt.% Sr in 

the Mg matrix were prepared based on the methods as described in our previous 

publications.14, 67 Briefly, the ZC21 and ZSr41 ally intramedullary pins were produced via 

melting, casting, extrusion and drawing. A crucible made of stainless steel was preheated 

in an electrical-resistance furnace (Shenyang General Furnace Manufacturing Co., Ltd) 

from room temperature to 400-500°C, under an argon (Ar) gas-protected environment to 

avoid oxidation. The commercially pure Mg ingots (99.94 wt.%; Boyu, Shenyang, China) 

were then melted in the preheated stainless steel crucible at 700-730°C. In terms of ZC21 

alloy, bulk pure Zn (99.5 wt.%; Boyu, Shenyang, China) and Mg-15Ca alloy (Boyu, 

Shenyang, China) were added to the molten Mg, stirred and heated at a temperature of 

750°C for 20 mins in the electrical-resistance furnace. For ZSr41 alloy, bulk pure Zn (99.5 

wt.%; Boyu, Shenyang, China) and Mg-20 wt.% Sr alloy (Boyu, Shenyang, China) were 

added to the molten Mg, stirred and heated at a temperature of 750°C for 30 mins in the 

electrical-resistance furnace. The molten mixture was then degassed with 

hexachloroethane and deslagged, casted at 720°C in a cone-shaped cast iron mold, and 

cooled down in the air.  The as-cast ZC21 and ZSr41 alloy ingots were machined to rods 

with a diameter of 40 mm and homogenized at 450°C for 6 h. The rods with a diameter of 

40 mm was then hot-extruded with an extrusion ration of 10:1 using a four-column 
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hydraulic press (300 tons; Shandong Machinery Factory) to produce ZC21 rods with a 

diameter of 4 mm. Finally, the 4 mm ZC21 and ZSr41 rods were drawn into a wires with 

a diameter of 1 mm through multiple passes, heat treatment was applied at 300°C between 

each drawing pass. Pure Mg wires (99.94 wt.%; Boyu, Shenyang, China) with a diameter 

of 1 mm was produced using the same source of Mg and the same metallurgical processes 

(melting, casting, extrusion and drawing) with same processing parameters as for 

producing the ZC21 and ZSr41 alloy wires.  

The pure Mg wires was used as a control in this study. As-drawn titanium (Ti)-6 

wt.% aluminum (Al)-4 wt.% vanadium (V) alloy wires with the same diameter of 1 mm 

was used as a non-degradable control in the in vitro bacteria and cell culture studies, and 

in vivo studies. Before the surface treatment, in vitro and in vivo studies, the ZC21 alloy, 

ZSr41 alloy,  Mg and Ti wires were cut into pins with length of 7 mm to fit into the femoral 

defects created in the animal model. The ZC21, ZSr41, Mg and Ti pins were ground using 

600, 800 and 1200 grit SiC paper (Ted Pella, USA), and ultrasonically cleaned in 100% 

acetone (Sigma-Aldrich, USA) and 100% ethanol (200 proof; Koptec) for 15 mins, 

respectively, using sonication bath (Symphony, VWR), and air dried before the anodization 

process.  

2.2.1.2 Experimental set-up for anodization 

A three-electrode system was used for anodization. The ZC21/ZSr41/Mg 

intramedullary pin was used as a working electrode (anode), a platinum plate was used as 

a cathode and Ag/AgCl was used as a reference electrode. The electrodes were connected 

to a potentiostat (Model 273A; Princeton Applied Research, Oak Ridge, TN, USA) that 
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was controlled by a Powersuite 2.50.0 software (Princeton Applied Research). The distance 

between the cathode and anode is 1 cm. The working electrode (ZC21/ZSr41/Mg pins) was 

anodized in 10 M KOH electrolyte at selected voltages at room temperature for 2 h. Prior 

to anodization, the electrochemical process of ZC21, ZSr41 and Mg pins in 10 M KOH 

electrolyte and the potential was determined using a linear sweep voltammogram with 

potentials from -1 to 2.2 V vs. Ag/AgCl for ZC21, -1.8 to 1.9 V  Ag/AgCl for ZSr41, and 

-1.3 to 1.9 V vs. Ag/AgCl for Mg pins at a scan rate of 5 mV/s.  

2.2.1.3 Annealing process of the anodized ZC21, ZSr41 and Mg pins 

The annealing process was followed the same procedure described in our previous 

study 50. The prepared samples by anodization were annealed at 450 ℃ for 6 hours using a 

tube furnace in an argon-gas protected environment, to convert the Mg(OH)2 to MgO 

through a dehydration reaction. During the annealing process, the temperature increases 

from room temperature to 450 ℃ with a heating rate of 50°C /h to avoid sudden collapse 

of the Mg(OH)2 crystalline structure. Afterwards, the tube furnace was left to cool down 

naturally.  

2.2.2 Surface characterization of the anodized and annealed-anodized ZC21, ZSr41 

and Mg pins 

After annealing, the samples were sputter-coated (Model 108, Cressington 

Scientific Instruments Ltd., Watford, UK) with platinum/palladium at 20 mA with 40 s 

sputter time. A scanning electron microscope (SEM; Nova NanoSEM 450, FEI Co., 

Hillsboro, OR, USA) was used to characterize the surface morphology and cross-sections 

of the oxide layers on Mg substrates. Energy dispersive X-ray spectroscopy (EDS, X-
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Max50) and AztecEnergy software (Oxford Instruments, Abingdon, Oxfordshire, UK) was 

used to analyze the surface elemental composition and distribution. SEM images for the 

surfaces were taken in the Everhart-Thornley detector (ETD) mode with an acceleration 

voltage of 20 kV with a working distance of 5 mm and original magnifications of 50,000x. 

EDS analysis was performed with an accelerating voltage of 10 kV at an original 

magnification of 50,000x. Different acceleration voltages were used for SEM and EDS 

because more signals from the surface coatings can be detected at a lower acceleration 

voltage (10 kV), while more signals from the underlying Mg substrates can be detected at 

a higher acceleration voltage (20 kV).  

2.2.3 Potentiodynamic polarization scans for the annealed-anodized ZC21, ZSr41 

and Mg pins 

The initial corrosion properties of the annealed anodized ZC21, ZSr41 and Mg pins 

were determined using electrochemical test. In vitro cytocompatibility of the annealed 

anodized ZC21, ZSr41 and Mg pins. The working electrodes were the annealed anodized 

ZC21, ZSr41 and Mg pins, and their corresponding non-treated ZC21, ZSr21 and Mg pin 

controls. The counter electrode was the platinum plate and the reference electrode was 

Ag/AgCl. The electrolyte was r-SBF at pH of 7.4. The potentiodynamic polarization (PDP) 

scan started immediately when the working electrode  immersed in the r-SBF. The potential 

was swept from -3.5 to 0.5 V vs. Ag/AgCl at a scan rate of 20 mV s-1. The potential range 

from -3.5 to 0.5 V vs. Ag/AgCl was selected because the corrosion potential of Mg is 

around this range. The corrosion potential and corrosion current density were calculated 



 61 

from the PDP curves according to ASTM G102-89 standard and based on previous 

publication in details.127 

2.2.4 Direct culture of BMSC with the anodized ZC21, ZSr41 and Mg pins 

The cytocompatibility of the annealed anodized ZC21, ZSr41 and Mg pins cultured 

with BMSCs was evaluated using direct culture method, which was established previously 

for evaluating Mg-based biomaterials in vitro.115,50 The BMSCs were harvested from 

euthanized two-week-old female Sprague-Dawley rat by following the protocol approved 

by the University of California at Riverside (UCR) Institutional Animal care and Use 

Committee (IACUC). The details on BMSC extraction, isolation and culture was described 

in our previous publications.50 Briefly, bone marrow from the femora and tibia of rats was 

flushed out using DMEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% 

fetal bovine serum (FBS; HyClone, Logan, UT, USA) and 1% penicillin/streptomycin 

(P/S; Invitrogen, Grand Island, NY, USA), which was referred to as DMEM. The collected 

cells was filter through a 70-µm nylon strainer to remove cell aggregates and tissue debris, 

and to collect BMSCs. The filtered BMSCs were cultured in DMEM under standard cell 

culture condition (i.e., 37°C, 5%/95% CO2/air, humidified, sterile environment) to reach 

90 to 95% confluency.  

The samples were disinfected under ultraviolet (UV) radiation for 2h, weighed, 

photographed and placed in standard 24-well tissue culture treated plates, and rinsed with 

2 mL of DMEM to calibrate the osmotic pressure. BMSCs were detached using trypsin 

(Invitrogen, Grand Island, NY, USA) and seeded directly onto the surfaces of the samples 

at a seeding density of 10,000 cells cm-2, incubating in 2 mL of DMEM under standard cell 



 62 

culture conditions for 24 h. The samples including annealed anodized ZC21, ZSr41 and 

Mg, and their corresponding non-treated degradable ZC21, ZSr41 and Mg controls, and 

non-degradable Ti control. Glass slides was used as reference. A positive control consists 

of BMSCs in DMEM without any samples, was designated as “BMSC” group. A blank 

reference consisted of DMEM without BMSCs and samples was designated as “DMEM” 

group.  

At 24 h, the post-culture media in all wells were collected and used for measuring 

pH and ionic concentration (i.e., [Mg2+], [Zn2+], [Sr2+] and [Ca2+]) to investigate the in vitro 

degradation of the samples under 24-h BMSC culture in DMEM.  The pH of the collected 

media was measured right after collection using a calibrated pH meter (Model SB70P, 

VWR). The ionic concentrations in the collected media was measured using inductively 

coupled plasma optical emission spectrometry (ICP-OES; Optima 8000, PerkinElmer, 

Waltham, MA, USA). Prior to the ICP-OES measurements, the collected media was diluted 

to 1: 100 solutions in DI water for measuring the concentration of [Mg2+] and [Ca2+]. The 

collected media was diluted to 1: 5 solutions in DI water for measuring the concentration 

of  [Zn2+] and [Sr2+].  

The samples and wells were washed with phosphate buffered saline (PBS) to 

remove non-adherent cells. The adherent cells were fixed with 4% paraformaldehyde 

(Electron Microscopy Sciences, 15714-S) for 20 min. The fixed cells were stained with 

Alexa Fluor® 488-phaoidin (Life Technologies) for F-actin and 4’,6-diamidino-2-

phenulindoledilac (DAPI; Life Technologies) for the nuclei of the cells. In the direct 

culture method, the cells adhered on the surfaces of the samples were defined as direct 
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contact, whereas the cells adhered on the tissue culture plate surrounding the samples were 

defined as indirect contact. The cells under direct contact and indirect contact conditions 

were all imaged using fluorescence microscope (Nikon Eclipse Ti-S) at 10 random 

locations. The number of cells under direct and indirect contact conditions were counted 

using ImageJ. The cell adhesion density were calculated as the number of cells per unit 

area.  

2.2.5 Bacterial study of MRSA with the anodized ZC21, ZSr41 and Mg pins  in vitro 

Prior to the bacterial culture, the prepared samples were disinfected under UV for 

2 hours, while the non-treated Mg control, titanium and glass were sonicated in 100% 

acetone and ethanol for 30 mins, respectively, followed by disinfection under UV for 2 

hours. The samples were then weighed, photographed and placed in standard 24-well non-

tissue culture treated plates, 

MRSA were culture in sterile tryptic soy broth (TSB; Sigma Aldrich, 22092) and 

stored at -80°C.  A sterile loop was used to transfer a portion of the frozen bacterial stock 

to 5 mL of TSB. MRSA were cultured in TSB using a shaker incubator (Incushaker Mini, 

Benchmark Scientific) at 37 ℃ and 250 rpm for 16 h. An aliquot of 100 µL of MRSA was 

added to fresh TSB and cultured for another 4-6 h. The as-grown bacteria was washed 3 

times with Tris buffer to remove any residual TSB and resuspended in Tris buffer. Then, 

the bacteria were counted using a hemocytometer (Hausser Bright-Line 3200, Hausser 

Scientific) and diluted to a concentration of 7.8 × 106 cells/mL in r-SBF supplemented 

with 10% FBS because this concentration is clinical relevant for medical implant 

infections.47, 73, 128 Subsequently, 2 mL of MRSA in r-SBF supplemented with 10% FBS 



 64 

was added to each well of 24-well non-tissue culture plates (Corning, Falcon® 351143) 

that contained the samples. The samples including annealed anodized ZC21, ZSr41 and 

Mg, and their corresponding non-treated degradable ZC21, ZSr41 and Mg controls, and 

non-degradable Ti control. Glass slides was used as reference. A positive control consists 

of MRSA in r-SBF supplemented with 10% FBS without any samples, was designated as 

“MRSA” group. A blank reference consisted of r-SBF supplemented with 10% FBS 

without MRSA and samples was designated as “r-SBF” group.  

At 24 h, the post-culture bacterial suspension in all wells were collected and used 

for measuring the bacterial concentration, pH and ionic concentration (i.e., [Mg2+], [Zn2+], 

[Sr2+] and [Ca2+]). To determine the bacterial concentration in the collected bacterial 

suspension, the bacterial suspension was serially diluted using a proper dilution factor that 

give a reasonably countable number of CFUs. The bacterial suspension was diluted with 

Tris buffer and 100 µL of the diluted suspension was evenly spread onto the agar plates. 

The agar plates were inverted and incubated at 37°C for 16 to 18 h. The number of bacterial 

colonies formed on the agar plates were counted, and multiplied the dilution factor the 

obtain the bacterial density in CFUs mL-1.  

The pH and ionic concentrations of the collected bacterial suspension were used   

to investigate the in vitro degradation of the samples under 24-h bacterial culture in r-SBF 

supplemented with 10% FBS. The pH of the collected bacterial suspension was measured 

right after collection using a calibrated pH meter (Model SB70P, VWR). The ionic 

concentrations in the collected media was measured using inductively coupled plasma 

optical emission spectrometry (ICP-OES; Optima 8000, PerkinElmer, Waltham, MA, 
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USA). Prior to the ICP-OES measurements, the collected bacterial suspension was diluted 

to 1: 100 solutions in DI water for measuring the concentration of [Mg2+] and [Ca2+]. The 

collected media was diluted to 1: 10 solutions in DI water for measuring the concentration 

of  [Sr2+].  

The morphology of bacteria adhered on surfaces of samples was analyzed using 

SEM/EDS.  The samples in each well were washed with Tris buffer 3 times to remove any 

non-adherent bacteria. The bacteria adhered on the sample surfaces were fixed with 10% 

glutaraldehyde (Sigma Aldrich) for 1 h and rinsed 3 times with Tris buffer. The bacteria 

adhered on the sample surfaces were then dehydrated with 30%, 75% and 100% ethanol 

for 30 mins each and dried in air at room temperature for 24 h. The dried samples were 

sputter coated with platinum/palladium (Pt/Pd) for 60 s at 20 mA prior to the SEM/EDS 

analysis. Representative images were taken using a secondary electron detector at an 

accelerating voltage of 10 kV, a working distance of 5 mm, with magnifications of 

10,000x.To measure the density of bacterial adhered on the sample surfaces, the samples 

were placed individually into 2 mL of Tris buffer in microcentrifuge tubes. The 

microcentrifuge tubes were sonicated in a sonication bath for 5 mins and vortexed for 5 s 

twice to dislodge the adhered bacteria into the Tris-buffer. The Tris buffer containing the 

bacteria dislodged from the samples were serially diluted and 100 µL of the diluted and 

non-diluted suspensions  was spread onto the tryptic soy agar plates. The agar plates were 

inverted and incubated in the incubator at 37°C for 16 to 18 h. The bacterial colonies 

formed on each agar plates were counted, and multiplied the dilution factor the obtain the 

bacterial density in CFUs mL-1. The bacterial study was run in triplicate.  
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2.2.6 Statistical analysis  

All numerical data in this study for each experiments were run triplicate. When the 

normality of the data sets was larger than 0.05 and the data sets was parametric, the 

numerical data were analyzed using one-way analysis of variance (ANOVA) followed by 

a Turkey test. Statistical significance was considered at p < 0.05 for the Turkey test. When 

the normality of the data sets was less than 0.05 and the data sets was non-parametric, the 

numerical data were analyzed using the Kruskal-Wallis method following by the dunn test. 

Statistical significance was considered at p < 0.025 for the dunn test. 

2.3 Results 

2.3.1 Anodic polarization behaviors for ZC21, ZSr41 and Mg pins 

Prior to the anodization process, a linear sweep voltammogram was conducted to 

select the potential of different Mg alloys (i.e., ZC21, ZSr41 and Mg) at which it begins to 

be oxidized in the 10 M KOH solution.  Figure 2-1a, b, c shows the anodic polarization 

curve of ZC21, ZSr41 alloys and Mg in the 10 M KOH solution at a scan rate of 10 mV/s. 

When the potential swept from the negative to the positive value, the anodic polarization 

process of all the Mg alloys underwent four electrochemical process, which are active 

dissolution (region A) where the Mg was oxidized to produce Mg2+, passivation (region B) 

where the Mg2+ reacted with OH- in the electrolyte and form Mg(OH)2 on the electrode 

surface that thickened with the anodization time and hinder the oxidation rate , secondary 

oxidation (region C) where the Mg was converted to MgO layer on the electrode surface, 

and trans-passive processes (region D) where the oxygen evolution occurs on the working 

electrode that will reduce the anodization efficiency. In this case, the potential in our study 
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was controlled in the secondary oxidation (region C) to ensure the production of MgO, that 

is, 1.0 V to 1.9 V for ZC21 alloy, 1.0 V to 1.8 V for ZSr41 alloy and 1.6V to 1.8 V for pure 

Mg. Therefore, in this study, three different applied potentials were selected in the potential 

range of the secondary oxidation (region C) for potentiostatic anodization. Specifically, the 

potentiostatic anodization was carried out at 1.4 V, 1.7 V and 1.9 V vs. Ag/AgCl for ZC21 

alloy,  1.4, 1.6, 1.8 V vs. Ag/AgCl for ZSr41 alloy and 1.6 V, 1.7 V, and 1.8 V vs. Ag/AgCl 

for pure Mg.  

2.3.2 Microstructural characterization and surface properties of the anodized ZC21, 

ZSr41 and Mg pins 

The surface morphology of the anodized ZC21, ZSr41 alloy and pure Mg pins 

prepared at different applied potentials before and after the annealing process is shown in 

Figure 2-1d, e and f, respectively.  The SEM images at high magnification (50,000x) shows 

that platelet-like nanostructure formed on the surfaces of ZC21 alloy and pure Mg when a 

lower potential in the secondary oxidation range was applied, i.e. 1.4 V for ZC21 and 1.6 

V for Mg. The SEM images for the annealed anodized ZSr41 alloy showed that the applied 

potentials generated platelet-like nanostructure on the surfaces of ZSr41 alloy with as little 

change as 200 mV (i.e., 0.2 V) in the applied potentials.  When the applied potentials 

increased, i.e., 1.7 V for ZC21 alloy and 1.7 V for pure Mg, the SEM images show that 

another dense nano-scale features was generated on previously formed platelet-like 

nanostructure. As the applied potential further increased to the upper boundary of 

secondary oxidation region, compact and dense layer consisted of nanoparticles were 

deposited on the surfaces of ZC21 alloy and pure Mg. In this study, the surface morphology 
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of anodized Mg, ZC21 and ZSr41 remain unchanged after the annealing process, indicating 

the MgO layers were thermally stable.  
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Figure 2-1: Anodic polarization curves and SEM images of ZC21, ZSr41 and Mg. (a-c) 

Anodic polarization curves of (a) ZC21, (b) ZSr41, and  (c) Mg in 10 M KOH at a scan 

rate of 5 mV s-1 at room temperature. A, B, C, D labels for different regions represent four 

electrochemical process of (A) active dissolution, (B) passivation, (C) secondary oxidation, 

and (D) transpassive oxidation. (d-f) SEM images of (d) ZC21 anodized at 1.4 V, 1.7 V, 

1.9 V before and after annealing, (e) ZSr41 anodized at 1.4 V, 1.6 V, 1.8 V before and after 

annealing, and (f) Mg anodized at 1.6 V, 1.7 V, 1.8 V before and after annealing. The 

original magnification is 50,000x and the scale bar = 1 µm.  



 70 

2.3.3 Corrosion properties from electrochemical testing of the anodized ZC21, 

ZSr41 and Mg pins 

In this study, the in vitro degradation behavior of the annealed-anodized ZC21, 

ZSr41 alloys and pure Mg prepared at the selected potentials and their corresponding non-

treated ZC21, ZSr41 alloys and pure Mg controls was evaluated via electrochemical test in 

r-SBF. The electrochemical testing results for the annealed-anodized ZC21, ZSr41 alloys 

and pure Mg are shown in Figure 2-2, representing the initial in vitro degradation behavior 

of the samples. Figure 2-2a1, b1, c1 shows the representative polarization curves of the 

annealed-anodized Mg, ZC21, ZSr41 and their corresponding controls (Mg, ZC21, ZSr41) 

at a scan rate of 10 mV/s. The cathodic curve and the anodic curve within the polarization 

curve represents hydrogen evolution from the water reduction and the dissolution of the 

Mg, respectively. The corrosion current density (Jcorr) and the corrosion potential (Ecorr) 

for each sample type obtained from Tafel extrapolation of the  polarization curves are 

shown in Figure 2-2a2, b2, c2 and Figure 2-2a3, b3, c3, respectively. The more negative 

the Ecorr, the higher the possibility for the metallic materials to be oxidized. The higher the 

Jcorr, the higher the corrosion rate of the metallic materials. In terms of the ZC21 alloy, Jcorr 

of the annealed-anodized ZC21 alloy samples produced at 1.4 V, 1.7 V and 1.9 V vs. 

Ag/AgCl was significantly lower than that of the non-treated ZC21 control. Though 

significant difference in Jcorr was detected among the annealed-anodized ZC21 samples, 

the annealed-anodized ZC21 produced at 1.9 V vs. Ag/AgCl showed the lowest Jcorr  value 

in average. No significant difference in Ecorr was detected for among the annealed-anodized 

ZC21 alloys and non-treated ZC21 control.  In terms of ZSr41 alloy, Jcorr of the annealed-
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anodized ZSr41 produced at 1.4 V, 1.6 V and 1.8 V vs. Ag/AgCl was significantly lower 

than that of the non-treated ZSr41 control. Though no significant difference in Jcorr was 

detected among the annealed-anodized ZSr41 alloy samples, the annealed-anodized ZSr41 

produced at 1.8 V vs. Ag/AgCl shows the lowest Jcorr value in average. No significant 

difference in Ecorr was detected among the annealed-anodized ZSr41 alloys and non-treated 

ZSr41 control. In terms of pure Mg, no significant difference in Jcorr and Ecorr was detected 

among the annealed-anodized pure Mg and non-treated pure Mg control. The annealed-

anodized Mg produced at 1.8 V vs. Ag/AgCl shows the lowest Jcorr value in average. 
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Figure 2-2: Representative potential dynamic polarization (PDP) curves of annealed-

anodized ZC21, ZSr41 and Mg in r-SBF electrolyte, and their corresponding corrosion 

current density Jcorr and corrosion potential Ecorr. (a1) PDP curves of ZC21, (a2) Jcorr of 

ZC21, and (a3) Ecorr of ZC21. (b1) PDP curves of ZSr41, (b2) Jcorr of ZSr41, and (b3) Ecorr 

of ZSr41. (c1) PDP curves of Mg, (c2) Jcorr of Mg, and (c3) Ecorr of Mg. Values are mean 

± SD, n=3, *p<0.05. 
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2.3.4 Cytocompatibility of the anodized ZC21, ZSr41 and Mg pins with BMSCs in 

direct culture and post-culture media analysis 

Figure 2-3 summarizes the representative fluorescence images and the quantitative 

analysis of the annealed-anodized ZC21, ZSr41 alloy samples and pure Mg, and there 

corresponding non-treated ZC21, ZSr41 alloys and Mg controls in 24-h direct culture with  

BMSCs in DMEM under direct contact condition. In Figure 2-3a, it shows that BMSC 

could sparsely attached on the pins. Fewer cells was found on the surface of Ti control. It 

is observable that few viable cells were attached on the annealed-anodized ZC21 and 

ZSr41, Mg and their corresponding non-treated ZC21, ZSr41 alloys and Mg controls. The 

quantitative analysis of BMSCs under the direct contact condition is shown in Figure 1b. 

Kruskal-Wallis method was used for statistical analysis because the data sets were non-

parametric. No significant difference in the BMSC adhesion density under direct contact 

was detected among all samples, controls and references.  
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Figure 2-3: BMSC adhesion of the annealed-anodized ZC21, ZSr41 and Mg, and the 

controls of ZC21, ZSr41, Mg, and Ti, as well as glass reference under direct contact after 

24 h of direct culture. (a) Representative fluorescence images of the adhered BMSCs on 

the sample surfaces (direct contact with the samples) at 24 h. (b) Adhesion density of 

BMSCs on the sample surface (direct contact with the sample). Values are mean ± SD, 

n=3, *p<0.05. 
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Figure 2-4 summarizes the representative fluorescence images and the quantitative 

analysis of the annealed-anodized ZC21, ZSr41 alloy samples and pure Mg, and there 

corresponding non-treated ZC21, ZSr41 alloys and Mg controls in 24-h direct culture with  

BMSCs in DMEM under indirect contact condition. In Figure 2-4a, all the groups showed 

attached and viable BMSCs on the well plate, the morphology of the BMSCs attached on 

the well plates surround the annealed anodized ZC21, ZSr41 alloy and Mg, and their 

corresponding non-treated ZC21, ZSr41 and Mg controls are as isotropic spreading as that 

on the well plates surrounding the Ti control and glass reference. The quantitative analysis 

of BMSCs under indirect contact condition was shown in Figure 2-4b. One-way ANOVA 

was used for statistical analysis because the data sets were parametric. The BMSC adhesion 

density under indirect contact was significantly lower for the annealed-anodized Mg 

prepared at 1.8 V vs. Ag/AgCl than the glass reference. No significant difference in BMSC 

adhesion density under indirect contact was detected among all other groups.  
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Figure 2-4: BMSC adhesion of the annealed-anodized ZC21, ZSr41 and Mg, and the 

controls of ZC21, ZSr41, Mg and Ti, as well as glass reference under indirect contact after 

24 h of direct culture. (a) Representative fluorescence images of the adhered BMSCs on 

the culture plate surrounding each corresponding sample (indirect contact with the sample) 

at 24 h. (b) Adhesion density of BMSCs on the culture plate surrounding each 

corresponding sample (indirect contact with the sample). Values are mean ± SD, n=3, 

*p<0.05. 



 77 

Figure 2-5 shows the pH , [Mg2+], [Ca2+], [Sr2+]  and [Zn2+] of the collected media 

after BMSCs were cultured with the annealed-anodized ZC21, ZSr41 alloys and Mg their 

corresponding non-treated ZC21, ZSr41 alloys and Mg controls, Ti control, glass reference, 

cell-only and media-only references at 24 h. One-way ANOVA was used for the statistical 

analysis of the pH because the data sets were parametric. The pH of the collected media 

cultured with annealed-anodized Mg prepared at 1.6 V are significantly higher than that 

cultured with the glass and Media-only references. The pH in the collected media cultured 

with annealed-anodized Mg prepared at 1.7 V are significantly higher than that cultured 

with the Media-only reference. No significant differences of the pH in the collected media 

was detected among other groups. One-way ANOVA was used for the statistical analysis 

of the [Mg2+] because the data sets were parametric. ANOVA confirmed a significantly 

higher [Mg2+] in the collected media after 24-h direct culture with the ZC21_1.9 sample 

when compared with the Ti control and Media-only reference. Kruskal-Wallis method was 

used for the statistical analysis of the [Mg2+] because the data sets were non-parametric. 

No significant differences in the [Ca2+] in the collected media was found among all groups 

of samples, controls and references. One-way ANOVA was used for the statistical analysis 

of the [Sr2+] because the data sets were parametric. The [Sr2+] in the collected media 

cultured with ZSr41_1.4, ZSr41_1.6, ZSr41_1.8 were significantly higher than that of the 

ZC21_1.4, ZC21_1.7, ZC21_1.9, ZC21, ZSr41, Mg_1.6, Mg_1.7, Mg_1.8, Mg, Ti, Glass, 

Cell-only and Media_only. Among the groups of annealed-anodized ZSr41 alloy samples, 

ANOVA confirmed a significant higher [Sr2+] in the collected media cultured with the 

ZSr41_1.4 and ZSr41_1.6 samples when compared with the ZSr41_1.8 sample.  
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Figure 2-5: Analysis of solubilized degradation products in the culture media of the 

annealed-anodized ZC21, ZSr41 and Mg, the controls of ZC21, ZSr41, Mg and Ti, and 

glass reference, as well as the cell-only positive control and blank DMEM (media-only). 

(a) pH of media, (b) Mg2+ concentration in the culture media, (b) Ca2+ concentration in the 

culture media, (d) Sr2+ concentration in the culture media, (e) Zn2+ concentration in the 

culture media. Values are mean ± SD, n = 3 for all groups, *p < 0.05. 
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2.3.5 Antibacterial properties of the anodized ZC21, ZSr41 and Mg pins cultured 

with MRSA and post-culture media analysis 

Bacterial viability was quantified through CFU grown on the agar plates, as shown 

in Figure 2-6.  Figure 2-6a and b shows the representative images of MRSA colonies grew 

on agar plates. Figure 2-6a represents the bacteria dislodged from the sample surfaces  and 

Figure 2-6b represents the bacteria from the suspension cultured with the sample. Figure 

2-6b shows the bacteria density in the suspension and on the sample surfaces. The actual 

seeding density in this study were 6.8 x 106 CFU/ml, as indicated by the red dashed line. 

One-way ANOVA was used for the statistical analysis of the bacterial density adhered on 

the sample surfaces and in the suspension, because both data sets were parametric.  

For the bacteria density in the suspension, no significant differences were found 

among all groups of samples. However, the bacteria density in the suspension cultured with 

the Ti, glass and MRSA-only groups still higher in average than the annealed-anodized 

ZC21, ZSr41 alloy, and Mg samples and their corresponding non-treated ZC21, ZSr41 and 

Mg controls. For the bacteria density on the sample surfaces, ANOVA confirmed that the 

CFUs of MRSA cultured with the ZC21_1.7, ZC21_1.9 and ZC21 samples were 

significantly lower when compared with those cultured with the  Mg_1.6, Mg_1.7 samples 

and Glass reference. The CFUs of MRSA cultured with the ZC21_1.9 sample was were 

significantly lower when compared with the Ti control. The CFUs of MRSA cultured with 

the Mg_1.8 sample was were significantly lower when compared with the Mg_1.6 sample. 

No significant difference in the bacteria density on the sample surfaces were detected 

among other groups of samples.  
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Figure 2-6: CFUs of MRSA after 24-h culture with the annealed-anodized ZC21, ZSr41, 

and Mg, the controls of ZC21, ZSr41, Mg, Ti, and glass reference, and the MRSA-only 

positive control, in r-SBF supplemented with 10% FBS. (a,b) Representative images of 

agar plates for MRSA (a) collected from the sample surfaces and (b) collected from the 

culture media. (c) The quantified CFUs of MRSA collected from the sample surfaces 

(orange) and from the culture media (blue). The seeding concentration of MRSA was 6.8 

x 106 CFU/mL, as indicated by the red dashed line. Values are mean ± SD, n=3, *p<0.05. 
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SEM images, the overlay of SEM images and EDS maps and the EDS maps of 

elemental distribution of carbon (C), calcium (Ca), phosphorous (P) and oxygen(O), were 

taken after 24-h bacterial culture with samples, controls and references, as shown in Figure 

2-7. The bacteria on the surfaces of ZC21_1.4, non-treated ZSr41 alloy, Ti and Glass were 

aggregated with an appearance of biofilm. In contrast, very few single bacteria were found 

on the surfaces of ZC21_1.9, ZC21, ZSr41_1.8 and Mg_1.8 samples. Moreover, the 

bacteria on the surfaces of ZC21_1.4, ZC21_1.7, ZSr41, Mg_1.6, Mg_1.7, Mg, Ti, and 

glass show typical spherical-shape morphology, but was distorted, irregular or even lysed 

on the surfaces of ZC21_1.9, ZC21, ZSr41_1.8 and Mg_1.8 samples.  
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Figure 2-7: SEM images and EDS maps for annealed-anodized ZC21, ZSr41 and Mg, the 

controls of ZC21, ZSr41, Mg and Ti, and glass reference after 24-h bacterial culture. SEM 

images (SEM column) show the surface microstructure and bacterial morphologies. The 

overlaid SEM and EDS maps (SEM + EDS column) show overview for the distribution of 

all key elements of interest. Separate EDS maps for carbon (C), calcium (Ca), phosphorous 

(P), and oxygen (O) are also included in the respective columns. Scale bar = 5 µm with an 

original magnification of 10,000x. 
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Figure 2-8 summarizes the elemental composition (in wt %) for the annealed 

anodized ZC21, ZSr41 alloys and Mg, and their corresponding non-treated ZC21, ZSr41 

and Mg controls, Ti controls, Glass reference after 24 h of bacterial culture, quantified 

through EDS analyses at the original magnification of 10,000x. A Zn content was detected 

on the surfaces of ZC21 alloy and ZSr41 alloy, respectively. With the increase of applied 

potentials for the ZC21 alloy, the detected Zn content in the annealed anodized ZC21 alloys 

decreased. The detected Zn content  in the annealed anodized ZC21 and ZSr41 alloys were 

lower than those in their corresponding non-treated ZC21 and ZSr41 alloy controls. All 

Mg-based samples shows the composition of Mg, C, O, Ca and P. The elements of C comes 

from the bacteria and the colocalization of Ca, P and O indicated the degradation of Mg 

possibly attracted Ca-containing mineral deposition.  In terms of ZC21 alloys, the element 

of Ca could also come from the intermetallic compounds. In contrast, the Ti and Glass did 

not show the deposition of Ca and P. Lastly, , the Ti and Glass show sodium (Na) and 

Potassium (K) because of salt deposition from the culture media.   
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Figure 2-8: The quantitative elemental compositions for the annealed-anodized ZC21, 

ZSr41, and Mg, the controls of ZC21, ZSr41, Mg and Ti, and glass reference after 24-h 

bacterial culture.  

 

The pH and ionic concentrations (i.e., [Mg2+], [Ca2+], [Sr2+]) in the collected media 

after 24-h bacterial cultured with the annealed anodized ZC21, ZSr41 alloys and Mg, and 

their corresponding non-treated ZC21, ZSr41 and Mg controls, Ti controls, Glass 

reference, MRSA-only and r-SBF-only were analyzed, as shown in Figure 2-9. One-way 

ANOVA was used for the statistical analysis of pH and ionic concentrations because the 

data set were non-parametric. ANOVA confirmed a significantly higher pH in the collected 

media cultured with ZC21_1.9 when compared with the Glass reference. The [Mg2+] in the 

collected media cultured with the ZC21_1.4, ZC21_1.7, ZC21_1.9, ZSr41_1.8, Mg_1.6, 

Mg_1.7, Mg_1.8 and Mg samples were significantly higher than those of the Ti, Glass and 
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MRSA-only and r-SBF-only groups.  The [Mg2+] in the collected media cultured with the 

ZC21_1.9 sample was significantly higher than the ZC21 sample. Lastly, the [Mg2+] in the 

collected media cultured with the ZSr41_1.8 sample was significantly higher than the Mg 

sample. In terms of [Ca2+], ANOVA confirmed a significant lower [Ca2+] in the collected 

media cultured with ZC21_1.9 sample when compared with the Glass reference. No 

significant differences in [Ca2+] in the collected media was found among other groups of 

samples. For [Sr2+] in the collected media, ANOVA confirmed a significantly increase 

[Sr2+] of the ZSr41_1.8 and ZSr41 samples among all groups of samples.  
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Figure 2-9: Analysis of solubilized degradation products in culture media of the annealed-

anodized ZC21, ZSr41 and Mg, the controls of ZC21, ZSr41, Mg and Ti, and glass 

reference, as well as the MRSA-only positive control, and blank r-SBF reference. (a) pH 

of media, (b) Mg2+ ion concentration, (c) Ca2+ ion concentration, and (d) Sr2+ ion 

concentration. Values are mean ± SD, n = 3 at all groups, *p < 0.05. 
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2.4 Discussion 

In this study, nanostructured MgO layers was created onto ZC21, ZSr41 and Mg 

pins through anodization and annealing. We investigated the microstructure and corrosion 

properties of the annealed anodized Mg-based biomaterials, reported the BMSC response 

through 24-h direct culture with the samples; studied the antimicrobial properties of the 

annealed anodized Mg-based biomaterials against MRSA; analyzed the effects of 

solubilized degradation products on cell/bacterial adhesion and morphology, and compared 

the in vitro degradation properties of the annealed anodized Mg-based biomaterials in 

different cultured media with BMSCs or MRSA.  

2.4.1 Effects of anodization parameters on nanostructured MgO layers onto ZC21, 

ZSr41 alloys and pure Mg 

The anodic polarization curves of the Mg-based alloys and pure Mg control in 10 

M KOH were similar to the anodic polarization curve for Mg-Za-Ca alloy rod (5.5 – 6.5 

wt% Zn, 1.0-1.5 wt % Ca and Mg balance) in 6 M KOH reported by Lei et al, consisting 

of four electrochemical processes, i.e., active dissolution (region A), passivation (region 

B), secondary oxidation (region C) and trans-passive process (region D). The different 

behavior. However, in our previous study, the anodic polarization curve of the pure Mg 

substrate in 10 M KOH only consisted of active dissolution (region A), passivation (region 

B) and trans-passive process (region D), probably because of the different geometry and 

composition of the Mg-based metals we used in this study.  

The surface morphology of the anodized and annealed anodized Mg-based metals 

in this study prepared at lower potentials (i.e., 1.4 V for ZC21 and 1.6 V for Mg) resembled 
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the pure Mg substrates anodized at 1.8 V for 2 h in 10 M KOH by Cipriano at el. and the 

Mg-Zn-Ca alloy anodized at 1.0 V for 2 h in 6 M KOH by Lei et al, which showed nano-

scale homogeneous platelet-like morphology at high magnifications (40,000x). As the 

applied potentials were more positive (i.e., 1.7 V for ZC21 and 1.7 V for Mg), a secondary 

dense nano-scale features were generated on the as-anodized and annealed-anodized ZC21 

and Mg pins. When the applied potentials reached the boundary of the secondary oxidation 

region (i.e., 1.9 V for ZC21 and 1.8 V for Mg), homogenous dense nano-scale crystallized 

features, which was very similar to the secondary dense nano-scale features mentioned 

above, were formed on the surfaces of the as-anodized and annealed-anodized ZC21 and 

Mg pins. The three applied potentials for ZC21 and Mg pins produced three various surface 

morphology of nanostructure MgO layers on their surfaces without any observable cracks 

propagation or defects through the film of the samples. For ZSr41 alloy, nano-scale 

homogeneous platelet-like morphology was form on the surfaces of as-anodized and 

annealed-anodized ZSr41 alloy pins at all selected potentials.  

Electrochemical test has been widely used for determining the initial degradation 

properties of metals. The corrosion potential (Ecorr) and corrosion current density (Jcorr) 

indicate the possibility for metals to be oxidized and the initial corrosion rate of metals, 

respectively. The corrosion current densities of ZC21, ZSr41 alloys and pure Mg pins were 

around 10-2 A cm-2, which were in agreements with previous study.67 The significantly 

smaller Jcorr of the annealed-anodized ZC21, ZSr41 and Mg pins when compared with their 

corresponding non-treated ZC21, ZSr41 and Mg controls indicated a slower initial 

corrosion rate in r-SBF. Though no significant differences in Jcorr were found among each 
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groups of annealed-anodized Mg-based metals, the average Jcorr of ZC21_1.9 sample, 

ZSr41_1.8 sample and Mg_1.8 that anodized at the upper end of the secondary oxidation 

region were lower when compared with those anodized at lower or intermediate potentials, 

indicating a lower average corrosion rate for these samples.  

2.4.2 In vitro cytocompatibility of anodized Mg alloys in direct culture with BMSCs 

The difference in adhesion density of BMSCs under direct contact among the 

annealed-anodized Mg-based metals and their corresponding non-treated controls was 

negligible because no statistically significant difference was found. As expected, Glass 

reference showed higher BMSC adhesion density and a greater cell spreading area than the 

Ti and the Mg-based metals, because the glass slide used in this study has a flatter surfaces 

which may benefit the cell adhesion and glass has been widely used as a positive control 

in cell cultures and is favorable for cell adhesion.51, 123-124 The objective of the BMSC study 

was to compared the cytocompatibility of the Mg-based metals and to screen the most 

promising candidate for each group of Mg-based metals toward in vivo studies and pre-

clinical trials in the future. The adhesion and morphology of the BMSCs on the surfaces of 

Mg-based metals was very similar to what has been observed on the non-treated ZC21, 

ZSr41 and Mg pins at the same seeing density in direct culture reported by Zhang et al.67 

The less BMSC adhesion and spreading on the Mg-based metals when compared with the 

higher degree isotropic spreading of BMSCs on Ti with same geometry, indicating the 

change in the surface morphology, newly formed degradation compounds at the cell-

biomaterials interface, and dynamic change in the soluble ions releasing from the Mg-based 

metals at the interfaces play critical roles in affecting the BMSCs under direct contact.  
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For the adhesion and morphology of BMSC under indirect contact, the difference 

among all groups of samples was negligible because no statistically significant difference 

was found, suggesting that the release of soluble ions such as OH-, Mg2+, Ca2+, Sr2+ and 

Zn2+ from the Mg-based metals did not affect the surrounding BMSCs. In previous study, 

BMSC adhesion and morphology were not affected when the cell cultured in DMEM with 

the pH adjusted to pH 9.0 or supplemented with 27.6 mM of [Mg2+].115 In the BMSC study, 

the highest pH in the culture media was below 8.6 and the highest [Mg2+] in the culture 

media was below 8 mM, which are unlikely to cause adverse effects on the surrounding 

BMSCs.  The therapeutic daily dosages of [Zn2+], [Ca2+] and [Sr2+] are 0.9 mM,129 250-

750 mM130-131 and 5.9 mM,132 respectively. The lethal dosage (LD50) of [Zn2+]and [Sr2+] 

are 3.7 mM133 and 33.9 mM,134 respectively. And it was found that the cytotoxicity of  

[Zn2+] and [Ca2+] when cultured with HeLa and L-929 cell lines were 60 µM for [Zn2+] and 

30 mM for [Ca2+].135 Therefore, the [Zn2+], [Ca2+] and [Sr2+] in the culture media were well 

below the cytotoxicity level, therapeutic daily dosages and lethal dosage. In contrast, all 

ion concentrations (i.e., [OH-], [Mg2+], [Zn2+], [Ca2+] and [Sr2+]) could be higher at the 

surface of Mg-based metals because dynamic degradation reactions, thus could cause 

adverse effect on BMSCs under direct contact.  

2.4.3 In vitro antimicrobial properties of anodized Mg alloys against MRSA 

In combination of the CFUs  and the SEM/EDS of the bacteria adhered on the 

surfaces of non-treated ZC21, ZSr41 and Mg, MRSA adhesion was reduced on the surface 

of non-treated ZC21 when compared with the non-treated ZSr41 and Mg, which was in 

agreement with the previous studies that showed significantly reduced MRSA adhesion on 



 91 

same samples.67 Lin at el. reported bactericidal effects of nanostructured MgO layers on 

pure Mg substrates created via anodization against S. aureus using a method adapted from 

the Japanese Industrial Standard JIS Z 2801:2000, as the bacteria had close contact with 

the surfaces of samples.126 This is the first time we investigated the antimicrobial properties 

of annealed-anodized Mg-based metal pins against MRSA using direct cultured method, 

and analyzed the effects of soluble ions released from the Mg-based metals on the adhesion 

and morphology of MRSA.  Our previous study47 demonstrated that the growth of 

Staphylococcus epidermidis (S. epidermidis) was not affected when they were cultured in 

the broths with pH adjusted from 7 – 10 and the [Mg2+] adjusted up to 50 mM.47  Wetteland 

at el. reported that the pH ranged from 7 – 10 and [Mg2+] ranged from 1 – 50 mM did not 

affect the growth of Escherichia coli (E. coli) and S. epidermidis.46 However no literature 

has reported the effects of pH and [Mg2+] in the culture media on the growth of MRSA.  

In this study, the nanostructure MgO layer on Mg-based metals could dissociate, 

resulting in releasing more OH-  ions and Mg2+ ions,  increasing the pH of the culture media. 

The annealed-anodized ZC21, ZSr41 and Mg produced at higher applied potentials (i.e., 

ZC21_1.9, ZSr41_1.8 and Mg_1.8) had higher average pH and [Mg2+] in their culture 

media after 24-h bacterial culture when compared with non-treated ZC21, ZSr41 and Mg 

controls. The pH and [Mg2+] in the culture media of the annealed-anodized ZC21, ZSr41 

and Mg produced at lower or intermediate applied potentials (i.e., ZC21_1.4, ZC21_1.9, 

Mg_1.6 and Mg_1.7) showed comparable pH values and [Mg2+] to the non-treated ZC21, 

ZSr41 and Mg controls, which probably because of the thinner nanostructured MgO layers 

on their surfaces and the buffering effect of the culture media and metabolic activities of 
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the bacteria. Moreover, the CFUs measurements (Figure 2-6) in combined with the 

SEM/EDS images (Figure 2-7) showed reduced adhesion of MRSA on the surfaces of 

ZC21_1.9 and Mg_1.8 among their corresponding annealed-anodized ZC21 and Mg 

samples; and reduced adhesion of MRSA on the surfaces of ZSr41_1.8 when compared 

with the non-treated ZSr41 sample. We speculated that the elevated global [Mg2+] in the 

culture media of the annealed-anodized ZC21, ZSr41 and Mg samples produced at higher 

applied potentials could inhibit the growth of MRSA. Moreover, the nanostructure MgO 

layers on ZC21_1.9, ZSr41_1.8 and Mg_1.8 disrupted the morphology of MRSA more 

obviously than other samples, further suggesting the higher level of local pH and [Mg2+] 

on the surfaces plays an important role in affecting the adhesion of MRSA.  Another 

proposed antimicrobial mechanism could be the difference in the nanostructure of MgO on 

the annealed anodized Mg-based metals prepared at different applied potentials. The dense 

and compact nanostructured MgO layers of the  ZC21_1.9 and Mg_1.8 sample may have 

a larger surface area than the platelet-like nanostructured MgO layers of the ZC21_1.4, 

ZC21_1.7, Mg_1.6 and Mg_1.7 samples, which could provide more sites for disrupting 

bacterial activities. More importantly, no biofilm formation or bacterial colonies was found 

on the surfaces of ZC21_1.9, ZSr41_1.8 and Mg_1.8, suggesting their great potential in 

preventing severe infections and associated complications for medical implants.  

2.4.4 Anodization of Mg alloys for biomedical applications 

To improve the overall performance of Mg-based biomaterials, either adding 

alloying elements or surface treatments for pure Mg has been investigated in our previous 

studies. 50, 67 The degradation properties, cytocompatibility and antimicrobial properties of 
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the nanostructured MgO on pure Mg substrates produced via anodization has been reported 

previously.50, 126 And the degradation properties, cytocompatibility and antibacterial 

properties of the ZC21 and ZSr41 alloys has been studied.67 Lei et al. investigated the 

corrosion properties of the nanostructured MgO on MgZnCa alloys.136-137 The significance 

of this study is that we carried out an in-depth systematic research to investigate the 

degradation, cytocompatibility and antimicrobial properties in vitro of the nanostructured 

MgO onto ZC21 and ZSr41 alloys, by coupling the benefits of adding alloying elements 

with surface treatments for Mg-based biomaterials. Moreover, in this study, we studied the 

correlation between processing parameters and surface properties, the effects of the surface 

properties and soluble degradation products on the cell/bacterial response at the interfaces 

of the prepared samples. The surface-treated ZC21, ZSr41 and Mg pins had significant 

lower initial degradation rates when compared with their corresponding non-treated ZC21, 

ZSr41 and Mg pin controls. The soluble degradation products released from the surface-

treated ZC21, ZSr41 and Mg pins does not have adverse effects on the surrounding 

BMSCs. The surface-treated ZC21, ZSr41 and Mg pins anodized at 1.9 V, 1.8 V and 1.8 

V, respectively, had fewer adhesion of MRSA and observable cell/membrane damage of 

MRSA on their surfaces when compared with those anodized at lower or intermediate 

potentials. Additionally, the surface-treated ZC21 alloys anodized at 1.9 V had the lowest 

initial degradation rate and bacterial adhesion density on its surface in average among all 

groups of sample.  

The collective properties of the surface-treated ZC21, ZSr41 and Mg pins  indicate 

that the alloying elements in pure Mg coupling with surface treatment could further 
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improve the overall performance of Mg-based biomaterials. The surface-treated ZC21, 

ZSr41 and Mg pins anodized at 1.9 V, 1.8 V and 1.8 V, respectively, are promising for 

medical implant applications. In the future, we will conduct in vivo studies to verify the 

biosafety, degradation properties, osseointegration and antibacterial properties of the 

samples toward clinical translations.  

2.5 Conclusions 

In this study, we created distinct nanostructured MgO layers onto Mg-Zn-Ca alloy 

and Mg-Zn-Sr alloy and pure Mg through anodization and annealing, reported the 

corrosion properties, cytocompatibility of the samples in direct culture with BMSC in 

DMEM, and investigated the antimicrobial properties of the samples against MRSA. The 

ZC21 and Mg anodized at potentials (i.e., 1.9 V for ZC21 and 1.8 V for Mg) that reached 

the upper end of the secondary oxidation region generated homogenous dense 

nanostructured MgO layer, whereas the surface microstructures were all plate-like 

nanofeatures for ZSr41 anodized at all selected applied potentials. The corrosion rates 

obtained from electrochemical tests were lower for the annealed-anodized Mg-based 

metals when compared with the non-treated ZC21, ZSr41 and Mg controls. The difference 

in BMSC cultured with the Mg-based metals under direct and indirect contact were 

negligible, the soluble degradation products released from the Mg-based metals were 

below the cytotoxicity levels. ZC21_1.9, ZSr41_1.8 and Mg_1.8 samples showed 

inhibitory effects on the growth of MRSA, which are promising to prevent severe 

infections for biomedical applications. Therefore, collectively considering the corrosion 

properties, BMSC responses, and bacterial response,  ZC21_1.9, ZSr41_1.8 and Mg_1.8 
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intramedullary pins are recommended for further in vivo studies in infection animal models 

towards clinical translations.  
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Chapter 3 In Vitro Degradation, Cytocompatibility, and Antimicrobial Properties of 

Micro and Nano-micro Hydroxyapatite Loaded with Gentamicin Coated Magnesium 
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Abstract 

This article reported the surface microstructures, elemental compositions, in vitro 

cytocompatibility, antimicrobial properties and degradation properties of micro 

hydroxyapatite (mHA) and nano-micro hydroxyapatite (nmHA) loaded with gentamicin 

coated Mg.  The surface microstructure of the mHA coated Mg samples were homogeneous, 

while visible minicracks and agglomerates were formed of the nmHA coated Mg samples . 

No significant difference in the BMSC adhesion density under direct contact was found 

among all HA coated Mg samples and Mg control. Under indirect contact, the mHA coated 

Mg samples had higher BMSC adhesion density when compared with the nmHA coated 

Mg samples. Moreover, the antimicrobial properties of the mHA coated Mg against S. 

aureus from the culture media was enhanced when increased content of gentamicin was 

loaded into the mHA coating layers, specifically, the mHA+3G sample showed the best 

antimicrobial effects against S. aureus from the culture media. The 12-week immersion 

study shows that the degradation rate among the mHA coated Mg samples and the nmHA 

sample, and Mg control were similar, without any significant differences.  
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3.1 Introduction 

Bone fractures are very common diseases that requires orthopedic fixations using 

biomedical implants.138 Magnesium (Mg) is a promising candidate for orthopedic implants 

because of its good combination of mechanical properties and biological responses.139-142 

Specifically, Mg is biodegradable in physiological environment and the by-products 

released by Mg are non-toxic and can by excreted through the kidney. The released Mg2+ 

can enhance osteoblast response and promote osteointegration.139, 141-142 For temporary 

orthopedic implant applications, the elastic modulus and mechanical strength of Mg is 

similar to the human cortical bone, which can reduce the stress-shielding effect.21 

Additionally, secondary surgery for implant removal may not be required, which can 

reduce the morbidity and costs for patients.143-144 However, the fast degradation of Mg still 

raises safety concerns because it may lose mechanical integrity before the complete healing 

of the tissue, and the fast release of hydrogen gas will form gas pocket at the surgical site 

that could cause tissue separation and delay bone healing.116, 145  Therefore, proper control 

of the degradation process on Mg is imperative. Moreover, the risk of infections after 

internal fixation is between 0.4% to 16.1% according the type of fractures (i.e., closed or 

varying degree of open infections).146-147  The biomaterials-associated infections could 

delay the bone healing process or even result in implants failure, which can increase the 

morbidity, as well as creating great financial burden for the patients.148 

Hydroxyapatite chemical and structural similarity to the mineral component of 

natural bone.149 Hydroxyapatite has been used as a coating for metallic implant because of 

its good osteoconductive and moderate osteoinductive capabilities.150 Hydroxyapatite 



 99 

coated Mg has shown slower degradation rate150-162 and improve the cell attachment and 

proliferation when cultured with different cell lines, i.e., osteoblasts,150-151, 154, 162 human 

osteosarcoma cells,159 and fibroblasts.161 Moreover, hydroxyapatite coated Mg has been 

studied in vivo, such as implantation in the tibias of rabbits,163 frontal bone of rats,164-165 

and subcutaneously into one side of the back of mice.160 The in vivo studies showed 

desirable biodegradation and biocompatibility. Based on our previous study,166 micro-sized 

hydroxyapatite (mHA) coated Mg slowed the degradation rate when compared with the 

nano-sized hydroxyapatite (nHA) coated Mg and non-coated Mg. However, mHA coated 

Mg showed higher bacteria adhesion density when compared with the nHA coated Mg. 

Incorporating antibiotics in the HA coatings is one of the effective methods to further 

reduce implant infections. Gentamicin is a widely used broad-spectrum aminoglycoside 

antibiotic against bacterial infections though inhibiting the protein synthesis of bacteria.167 

Therefore, we first proposed to create mHA loaded with gentamicin on Mg. Second, we 

proposed to develop a composite coating (named as nmHA) with a bottom mHA layer and 

a top nHA layer loaded with gentamicin on Mg, to achieve the synergic effects of mHA 

and nHA.  

The objective of this study is to investigate the degradation properties, 

cytocompatibility and antimicrobial properties of the mHA and nmHA coated Mg 

incorporated with gentamicin for load-bearing applications. The mHA and nmHA coatings 

with different percentages of gentamicin were deposited on Mg using a patented transonic 

particles acceleration deposition (TPA) process.168 
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3.2 Materials and Methods 

3.2.1 Prepare mHA and nmHA coatings loaded with gentamicin on Mg using 

patented transonic particles acceleration (TPA) process 

Pure Mg miniscrews (99.9% purity, Goodfellow Corporation, Coraopolis, PA) with 

a diameter of 1.6 mm and a length of 6 mm were cleaned ultrasonically in ethanol for 10 

mins prior to the HA coating process. The mHA (Himed, Old Bethpage, NY) particles was 

deposited on the surface of Mg miniscrews using the patented transonic particle 

acceleration (TPA) deposition process at high pressure, followed by depositing nHA 

particles(Himed, Old Bethpage, NY)  loaded with different contents of gentamicin (10 

wt.%, 20 wt.% and 30 wt.%) using the same method.  The resulted samples was referred 

to as nmHA, nmHA+1G, nmHA+2G and nmHA+3G, the “1”, “2” and “3” designates “10 

wt.%”, “20 wt.%” and “30 wt.%”, respectively and  “G” designates “gentamicin”. The TPA 

technique is a method used at N2 Biomedical (formerly Spire Biomedical Inc.) for 

depositing ceramic particles onto various surfaces and has been previously used for 

creating hydroxyapatite layers on Mg substrates under precisely controllable processing 

conditions 166.   Specifically, a high pressure gas (400 psi) was introduced into a nozzle and 

accelerate in the throat region of the nozzle.  A process gas was blow through a gas control 

module to a powder-metering device that contained the nHA or mHA particles, which was 

accelerated to sub-sonic speed during the TPA process and deposited onto the Mg 

substrates at room temperature at a pressure of 400 psi.  In terms of the mHA coated Mg, 

a single layer of mHA with different contents of gentamicin (10 wt.%, 20 wt.% and 30 

wt.%) was deposited on Mg, the resulted sample was referred to as mHA, mHA+1G, 
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mHA+2G and mHA+3G. The “1”, “2” and “3” designates “10 wt.%”, “20 wt.%” and “30 

wt.%”, respectively and  “G” designates “gentamicin”. Non-coated Mg was also included 

as a control..  

3.2.2 Surface  characterization 

Prior to surface characterization, all samples were sputter-coated with 

platinum/palladium (Pt/Pd) using the sputter coating instrument (Cressington; Sputter 

Coater 108 Auto) at 20 mA for 60 second. The surface microstructures  were characterized 

using a scanning electron microscopy (SEM; Nova NanoSEM 450, FEI Co.) at an 

accelerating voltage of 15 kV. The SEM images were taken at the magnifications of 50x, 

500x, and 5000x. The surface elemental composition of the samples was analyzed using 

energy dispersive x-ray spectroscopy (EDS; Aztec, Oxford instrument) at an accelerating 

voltage of 15 kV at a magnification of 500x.  

3.2.3 In vitro direct culture with bone marrow derived mesenchymal stem cells 

(BMSCs) 

The bone marrow derived mesenchymal stem cells (BMSCs) were extracted from 

the femur and tibia of juvenile Sprague Dawley rats following the established protocol,169 

which was approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of California, Riverside. The methods for BMSC harvesting were carried out in 

accordance with the recommendations in the Guide for the Care and Use of Laboratory 

Animal of the National Institutes of Health (NIH). BMSCs were cultured in Dulbecco’s 

modified Eagle medium (DMEM; Corning) supplemented with 10 vol. % fetal bovine 

serum (FBS; Hyclone) and 1 vol. % penicillin/streptomycin (P/S; Hyclone). DMEM refers 
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to DMEM with 10% FBS and 1% P/S. BMSCs at the second passages were used for in 

vitro experiments with samples and Mg control. The titanium (Ti) and poly(methyl 

methacrylate) (PMMA) miniscrews, and glass reference were included in the cell study. 

The initial mass of each sample was recorded, and disinfected under ultraviolet (UV) 

radiation for 2 h before cell culture. The Ti and glass reference were ultrasonically cleaned 

in acetone and ethanol for 30 mins each to remove any residues on the surfaces.  

The samples were placed in standard 48-well cell culture treated plates and rinsed 

with 1 mL PBS and then 1 mL DMEM for each well to calibrate the osmotic pressure. The 

BMSCs were seeded directly onto the samples in each well at a seeding density of 10000 

cells/cm2, incubated for 24 hours in 1 mL of DMEM under standard cell culture conditions 

(sterile, 5% CO2/95% air, humidified environment). Non-degradable titanium (Ti) was 

used as a control and glass was used a reference. A positive control consisted of BMSCs 

only cultured with 3 mL DMEM in the 12-well culture plate without any samples, was 

define as ‘BMSCs’. A blank reference contained DMEM without BMSCs and samples was 

defined as ‘DMEM’ group.  

After 24 hours of cell culture, the media were collected from each well for pH and  

ionic concentration analyses. BMSCs on the surface of samples (direct contact) and on the 

well plates surrounding the respective samples (indirect contact) were fixed in 4% 

paraformaldehyde (10% neutral buffered formalin; VMR, Radnor, PA, USA) for 20 

minutes, stained with Alex Fluor 488 Phalloidin (Life Technologies, Carlsbad, CA) for 

another 20 minutes to visualize F-actin, and finally stained with 4′, 6-diamidino-2-

phenylindole (DAPI; Invitrogen) for 5minutes to visualize cell nuclei. After fixation and 
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staining, BMSCs were observed and imaged using a fluorescence microscope (Eclipse Ti 

with NIS 241 software, Nikon, Melville, NY, USA) for analyses of cell morphology and 

cell adhesion density. Five images were taken on random areas of each sample for direct 

contact, and five images were taken on random areas of each well plate for indirect contract. 

The number of cells in each image was quantified using ImageJ. The cell adhesion density 

under direct contact and indirect contact conditions was calculated as the number of cells 

per unit area. Each type of sample was run in triplicate in this in vitro cell study for 

repeatability and statistical analyses. 

3.2.4 In vitro bacteria study with Staphylococcus aureus (S. aureus) 

The bacterial study was carried out following the established protocol 170. Frozen 

stocks of S. aureus (ATCC 25923) were retrieved and cultured in Tryptic Soy Broth (TSB; 

Fluka Analytical, Sigma-Aldrich) for 16 h in a shaker incubator (Incu-shaker Mini, 

Benchmark Scientific) at 37 °C and 250 rpm. After 16 h, an aliquot of 100µL of the 

bacterial culture was added into 5 mL of fresh TSB, and this bacterial culture was incubated 

for additional 4–6 hours at 37 °C and 250 rpm. After that, the concentrations of bacteria 

were diluted and determined using a hemocytometer (Hausser Bright-Line 3200, Hausser 

Scientific). The bacteria was centrifuged and washed with revised simulated body fluid (r-

SBF) three times to remove any residual TSB. The bacteria was then diluted to a theoretical 

concentration of 6.8 × 106 cells/ml in r-SBF with 10 vol.% FBS, which is a relevant 

concentration for orthopedic infections 171. The samples were cultured in the 96 well non-

tissue culture treatment polystyrene plate (Corning, Falcon, 351143) with the addition of 

0.232 ml of S. aureus in  r-SBF with 10 vol.% FBS. The non-degradable Ti and PMMA 
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controls with diameter of  7.5 mm and heights of 1 mm were included in this study and 

cultured in the 48 well non-tissue culture treatment polystyrene plate with the addition of 

0.757 ml of S. aureus in  r-SBF with 10 vol.% FBS. The groups of glass reference, S. 

aureus alone (without samples) and r-SBF alone (without samples and bacteria) were 

cultured in the 12 well non-tissue culture treatment polystyrene plate with the addition of 

3 ml of S. aureus in  r-SBF with 10 vol.% FBS.  All groups were incubated for 24 h in a 

shaker incubator at 37°C and 120 rpm. After 24 h, the bacteria in the media were collected 

for analysis of suspended bacterial concentration, pH and ionic concentrations. In order to 

quantify the bacteria adhered on the sample surfaces, two samples in each groups were put 

into the r-SBF, sonicated in a sonication bath for 10 mins, vortexed for 15 s every 5 mins. 

The detached bacteria in the r-SBF, and the suspended bacteria in the cultured media,  were 

diluted and quantified by measuring the colony forming units (CFU) plated on Tryptic Soy 

Agar (Sigma Aldrich) plates. The agar plates were inverted with the agar on the top side 

and incubated for 16-18 h. The number of colonies form on the agar were counted and 

multiply by the dilution factor to get the bacterial viability values.  

After 24 h of culture, the pH, Mg2+ and Ca2+ concentration of the post-cultured 

media were analyzed. The pH of the cultured media was analyzed using a pre-calibrated 

pH meter. The Mg2+, Ca2+ concentration of the post-culture media collected from each well 

after the bacteria study were quantified using the inductive coupled plasma-optical 

emission spectrometry. The collected media from each well was diluted with DI water by 

a dilution factor of 1:100 to obtain a total volume of 5 mL for ICP measurement. Mg2+ and 

Ca2+ concentrations were calculated based on a calibration curve generated using Mg2+ 
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standards (PerkinElmer) serially diluted to a concentration of 0.5, 1, 2, and 5 mg/L and 

Ca2+ standards (PerkinElmer) serially diluted to a concentration of 0.05, 0.5, and 5 mg/L, 

respectively. 

3.2.5 Immersion study in r-SBF in vitro 

The degradation performance of the HA coated Mg miniscrews were investigated 

via immersion study in revised simulated body fluid (r-SBF) under standard cell culture 

conditions (sterile environment, controlled humidity, 5% CO2, 37 °C). Non-coated Mg 

was used as a degradable control in this study. The prescribe time point for the immersion 

study is 1 day, 3 days, 5 days, 7 days and 2 weeks, 4 weeks, 6 weeks, 8 weeks, 10 weeks 

and 12 week. Before the immersion study at each prescribed time point, all samples were 

weighed and disinfected under ultraviolet (UV) radiation for 2 hours. All groups of sample 

were incubated in 0.232 mL of r-SBF. The group that contains 0.232 mL of r-SBF alone 

without samples was used as a blank reference. For each time interval between the 

prescribed time points, the immersion solution was collected from each well for post-

culture media analysis, i.e., pH and ionic concentrations. Each well was then replenished 

with 0.232 mL of fresh r-SBF. The pH of the post-culture r-SBF was analyzed using a pre-

calibrated pH meter (SB70Pm, SympHony, VWR). The Mg2+, Ca2+ ion concentration of 

the post-culture media were quantified using the inductive coupled plasma-optical 

emission spectrometry (ICP-OES; Optima 8000, PerkinElmer, Waltham, MA, USA). 

Before the ICP measurement, the collected media from each well was diluted with DI water 

using the dilution factor of 1:100 to obtain a total volume of 5 mL. Mg2+ and Ca2+ ion 

concentrations were calculated based on a calibration curve generated using Mg2+ 
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standards (PerkinElmer) serially diluted to a concentration of 0.5, 1, 2, and 5 mg/L and 

Ca2+ standards (PerkinElmer) serially diluted to a concentration of 0.05, 0.5, and 5 mg/L, 

respectively. All the samples were dried at least for 24 hour and photographed using the 

Amscope at each interval to observed the corrosion at the macroscale on the surface of the 

substrates. Each sample was weighed to get the initial mass (M0) and final mass (Mf), which 

were used to calculate the ratio of the final/initial dry mass (Mf/M0). Each sample was run 

triplicate for the immersion study.    

After 12 weeks of immersion, all the samples were dried and placed on a conductive 

copper tape and sputter coated for SEM imaging and EDS analyses, as described previously. 

The phases and crystal structures of the degradation products on samples and Mg control 

were analyzed using the X-ray diffraction (XRD; Empyrean, PANAlytical) at 45KV and 

40mA with 2θ angles from 10° to 80° at a step size of 0.002°. Specifically, the diffraction 

peaks of degradation products were identified based on the international center for 

diffraction data (ICDD) database using HighScore software (PANAlytical).  

3.2.6 Statistical analysis 

All the experiments were run in triplicate. The data sets were analyzed using one-

way analysis of variance (ANOVA) followed by the Tukey test, when the data sets fulfil 

the parametric criteria (i.e., data normality was over 0.05). Under the condition of non-

parametric data (i.e., data normality was less than 0.05), the data sets were analyzed using 

the Kruskal-Wallis followed by the Dunn test and adjusted by Hochberg’s method. 

Statistical significance was considered at p < 0.025 for Dunn test. Statistical significance 

was considered at p < 0.05 for the Turkey test. 
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3.3 Results 

3.3.1 Surface characterization of HA coated Mg miniscrews after TPA process 

Figure 3-1 shows the surface characterization of the nmHA, mHA, nmHA+1G, 

mHA+1G,  nmHA+2G, mHA+2G, nmHA+3G, and mHA+3G samples. The SEM images 

at low magnification (50x) show that the nmHA, nmHA+1G, nmHA+2G, nmHA+3G 

samples had agglomerates on their surfaces. In contrast, the surfaces of the mHA, 

mHA+1G, mHA+2G and mHA+3G samples were homogeneous, with few small visible 

agglomerates on the surfaces of the mHA+2G and mHA+3G samples. The SEM images at 

the magnifications of 500x and 5000x show cracks propagating through the surfaces of the 

mHA, mHA+1G, mHA+2G and mHA+3G samples. The SEM images at the magnification 

of 5000x shows that the nmHA, nmHA+1G, nmHA+2G and nmHA+3G samples had 

smaller particle size when compared with the mHA, mHA+1G, mHA+2G and mHA+3G 

samples. The EDS analyses (Figure 3-1b) confirmed the presence of Mg, Ca, P and O in 

the nmHA, mHA, mHA+1G, mHA+2G and mHA+3G, which are the composing elements 

of hydroxyapatite [Ca5(PO4)3(OH)].  
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Figure 3-1: Surface characterization and elemental composition of nmHA, mHA,  

nmHA+1G, mHA+1G, nmHA+2G, mHA+2G nmHA+3G and mHA+3G. (a) SEM images 

of the samples at an original magnification of 50x (first column), 500 (second column), 

5000x (third column). The scale bars equal to 500 μm, 50 μm and 5 μm, respectively. (b) 

surface elemental composition (wt.%) of the samples at 500x magnification.   
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3.3.2 BMSC morphology and density in direct contact and indirect contact with Mg 

mini-screws in direct culture in vitro 

Figure 3-2a and b show the representative fluorescence images of BMSCs cultured 

with the nmHA, nmHA+1G, nmHA+2G, nmHA+3G, mHA, mHA+1G, mHA+2G, 

mHA+3G, controls of non-coated Mg and Ti, glass references and BMSC alone after 24 h 

of cell culture under direct contact and indirect contact. Under direct contact (Figure 3-2a), 

attached and viable BMSCs were observed in all groups and the cells show less spreading 

on the surfaces of HA coated Mg mini-screws when compared with the Ti and PMMA 

control, and glass reference.  Under indirect contact (Figure 3-2b), the morphology of 

BMSCs surrounding the nmHA, nmHA+1G, nmHA+2G, nmHA+3G, mHA, mHA+1G, 

mHA+2G, mHA+3G, and Mg indicated normal growth and isotropic cell spreading when 

compared with the Ti and PMMA control, and glass reference.  
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Figure 3-2: Fluorescence images of BMSCs under direct contact and indirect contact with 

the nmHA, nmHA+1G, nmHA+2G, nmHA+3G, mHA, mHA+1G, mHA+2G, mHA+3G, 

Mg, Ti and PMMA controls, glass reference and cell-only positive control (labeled as 

“BMSC”) after 24 h of direct culture. (a) representative fluorescence images of BMSCs 

adhered on the sample surfaces (direct contact), (b) representative fluorescence images of 

BMSCs on the tissue culture plates surrounding the samples (indirect contact). Green color 

indicates Alexa Fluor® 488-phalloidin stained F-actin (cytoskeleton) and blue 

color  indicates DAPI stained nuclei. The images were taken at an original magnification 

of 10x with the scale bar = 200 μm.  
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The BMSC adhesion densities under direct and indirect contact with the HA coated 

Mg mini-screws, Mg, Ti and PMMA controls, glass reference and BMSC positive control 

are quantified and summarized in Figure 3-3. Figure 3-3a shows the BMSC adhesion 

density under direct contact with the samples after 24 h of cell culture. Kruskal Wallis was 

used to determine statistically significant differences in the cell adhesion density under 

direct contact because the data sets were non-parametric. The nmHA, nmHA+1G, 

nmHA+2G, nmHA+3G and Mg samples had significantly lower BMSC adhesion densities 

when compared with the glass reference. Kruskal Wallis confirmed a significantly lower 

BMSC adhesion density for nmHA, nmHA+1G, mHA+1G, nmHA+2G, nmHA+3G, 

mHA+3G and Mg when compared with Ti control under direct contact. No significant 

differences was found among all HA coated Mg samples. Figure 3-3b showed the BMSC 

adhesion density in direct contact with the samples after 24 h of cell culture. ANOVA was 

used to determine statistically significant differences in the cell adhesion density under 

indirect contact because the data sets were parametric.  ANOVA confirmed a statistically 

significantly lower BMSC adhesion densities of nmHA, nmHA+1G, nmHA+2G when 

compared with the Mg control under indirect contact. The nmHA+2G had a significantly 

lower BMSC adhesion density than the mHA+1G, mHA+2G samples, glass reference and 

BMSCs only control.  
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Figure 3-3: Adhesion density of BMSCs under direct and indirect contact with nmHA, 

nmHA+1G, nmHA+2G, nmHA+3G, mHA, mHA+1G, mHA+2G, mHA+3G, Mg, Ti and 

PMMA controls, glass reference and cell-only positive control (labeled as “BMSCs”) after 

24 h of direct culture. (a) adhesion density of BMSCs under direct contact, (b) adhesion 

density of BMSCs under indirect contact. Values are mean ± SD, n = 3; *p < 0.05. 

 

3.3.3 Mass change and post-culture media analyses after 24-h cell culture 

Figure 3-4 showed the ratio of final/initial dry mass (
𝑀𝑓

𝑀0
 ) of all groups of samples 

and controls after 24 h of cell culture. All HA coated Mg samples and Mg control show 

mass gain after 24-h cell culture. ANOVA was used to determine the statistically 
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significant differences in the mean final/initial dry mass because the data sets were 

parametric. No statistically significant difference in the final/initial dry mass was found 

among all groups of samples.  

 

Figure 3-4: Mass change (ratio of final/initial dry mass Mf/ M0) for materials of interest 

after 24-h direct culture with BMSCs. Values are mean ± SD of the means, n =3 ; *p < 

0.05. 

 

Figure 3-5a shows the pH of the media of all groups of samples, controls and reference 

after 24 h of cell culture. One-way ANOVA was used to determine the statistically 

significant differences in the pH of the collected cultured media because the data sets were 

parametric. The pH of the nmHA and nmHA+1G were significantly higher than the 

mHA+1G, mHA+2G, Ti control, glass reference and DMEM. The measurements for Mg2+ 

and Ca2+ concentration are summarized in Figure 3-5b and c. Kruskal-Wallis method was 

used to determine the statistically significant differences in the [Mg2+] of the collected 

cultured media because the data sets were non-parametric. nmHA, nmHA+1G, nmHA+2G 
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and nmHA+3G had significantly higher [Mg2+] than the Ti and PMMA controls, glass 

reference, BMSC and DMEM after 24 h of cell culture. mHA, mHA+2G and mHA+3G 

had significantly higher [Mg2+] than the Ti control. The [Mg2+] in the culture media of the 

nmHA and nmHA+1G were significantly higher when compared with the non-coated Mg 

control. The [Mg2+] in the culture media of the nmHA sample was significantly higher than 

the mHA and mHA+1G. One-way ANOVA was used to determine the statistically 

significant differences in the [Ca2+] of the collected cultured media because the data sets 

were parametric. The [Ca2+] in the culture media of the nmHA, nmHA+1G, nmHA+2G, 

nmHA+3G, mHA, mHA+1G, mHA+2G samples were significantly lower than the non-

coated Mg, Ti, PMMA controls, glass reference, BMSC and DMEM. The [Ca2+] in the 

culture media of the mHA+3G sample was significantly lower than the glass reference. 

Among the HA-coated Mg samples, the mHA, mHA+1G and mHA+2G samples had 

significantly higher [Ca2+] than the nmHA, nmHA+1G, nmHA+2G, nmHA+3G samples , 

but had significantly lower [Ca2+] than the mHA+3G. The [Ca2+] in the media of the 

mHA+3G sample was significantly higher than the nmHA, nmHA+1G, nmHA+2G, 

nmHA+3G samples.  
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Figure 3-5: Analysis of pH and ionic concentrations in the culture media at 24 h of direct 

culture with the nmHA, nmHA+1G, nmHA+2G, nmHA+3G, mHA, mHA+1G, mHA+2G, 

mHA+3G, Mg, Ti and PMMA controls, glass reference and BMSCs positive control, and 

blank DMEM media. (a) pH of media, (b) Mg2+ ion concentration, (c) Ca2+ ion 

concentration. Values are mean ± SD, n = 3. *p < 0.05. 
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3.3.4 Bacterial adhesion and viability of the HA coated Mg mini-screws 

The bacterial density in the culture media and adhered on the surfaces of samples 

were both counted using CFU method and summarized in Figure 3-6. ANOVA was used 

to determine the statistically significant differences in the CFUs from the culture media 

because the data sets were parametric. For bacteria from the culture media, the CFUs of 

the nmHA, nmHA+1G, nmHA+2G, nmHA+3G, mHA+1G, mHA+2G, mHA+3G samples 

were significantly lower than the Mg, Ti and PMMA controls and glass reference. The 

CFUs of the mHA sample was significantly lower than the Mg control, but was 

significantly higher than the nmHA, nmHA+1G, nmHA+2G, nmHA+3G mHA+1G, 

mHA+2G, mHA+3G samples. The CFUs of the nmHA+1G, nmHA+2G, nmHA+3G, 

mHA+2G, mHA+3G samples were significantly lower than the S. aureus positive control. 

Among the HA coated Mg mini-screws, ANOVA confirmed that the nmHA, nmHA+1G, 

nmHA+2G, nmHA+3G samples had a significantly higher CFUs than the mHA+3G 

sample. The CFUs of the nmHA and nmHA+1G were significantly higher than the 

mHA+2G. Among the nmHA coated Mg samples, ANOVA confirmed a significantly 

higher CFUs of the nmHA sample than the nmHA+1G sample. Among the mHA coated 

Mg samples, the mHA+1G sample had a significantly higher CFUs when compared with 

the mHA+2G and mHA+3G samples. Furthermore, the mHA+2G had a significantly 

higher CFUs than the mHA+3G sample.  

The statistically significant differences in the CFUs adhered on the surfaces of the 

samples were analyzed using one-way ANOVA because the data sets were parametric. 

ANOVA confirmed significantly lower CFUs of the nmHA, nmHA, nmHA+1G, 
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nmHA+2G, nmHA+3G, mHA, mHA+1G, mHA+2G, mHA+3G, non-coated Mg control 

than Ti, PMMA controls and glass reference. 

 

Figure 3-6: Bacteria density from the culture media and adhered on materials of interest 

after they cultured in rSFB+10%FBS for 24 h, as quantified from the colony forming units 

(CFUs). (a) Bacteria density from the culture media cultured with the materials of interest. 

(b) Bacteria density adhered on the surfaces of materials of interest. The initial seeding 

density was 3.6x106 CFU/mL. The materials of interest were cultured with S. aureus in 

0.233 mL of r-SBF+10%FBS. Data are mean ± SD, n=3; *p < 0.05.  

 

3.3.5 Post-culture media analyses after 24-h bacterial culture  

Figure 3-7a shows the pH of the r-SBF with 10% FBS for bacterial culture. 

ANOVA was used to determine the statistically significant differences in the pH of the 

media after 24 h of bacterial culture, because the datasets were parametric. It was found 

that the pH of the media cultured with the nmHA, nmHA+1G, nmHA+2G, nmHA+3G, 

mHA, mHA+1G, mHA+2G, mHA+3G samples were significantly higher than the Ti, 
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PMMA control, glass and r-SBF reference and S. aureus positive control. The pH of the 

media cultured with the nmHA, nmHA+1G, nmHA+2G, nmHA+3G, mHA+2G and 

mHA+3G samples were significantly higher than the Mg control. The pH of the media 

cultured with the nmHA, nmHA+1G, nmHA+2G, nmHA+3G samples were significantly 

higher than the mHA and mHA+2G samples. The media cultured with the nmHA, 

nmHA+1G, nmHA+2G, nmHA+3G and mHA+3G samples had significantly higher pH 

than the mHA+1G sample. The Mg2+ and Ca2+ concentrations of the media after 24 h of 

bacterial culture were summarized in Figure 3-7b and Figure 3-7c, respectively. Kruskal-

Wallis method was to determine the statistically significant differences in the Mg2+ 

concentration because the data sets were non-parametric. For the Mg2+ concentration of the 

media cultured with the HA coated Mg mini-screws, the mHA+1G sample had a 

significantly lower Mg2+ concentration than the nmHA+3G and mHA+3G samples. The 

Mg2+ concentration of the media cultured with the nmHA, nmHA+1G, nmHA+2G, 

nmHA+3G and mHA+3G samples were significantly higher than the glass reference, S. 

aureus control and r-SBF.  The Mg2+ concentration of the media cultured with the nmHA, 

nmHA+2G, nmHA+3G and mHA+3G samples were significantly higher than the Ti and 

PMMA controls. The Mg2+ concentration of the media cultured with the nmHA+3G and 

mHA+3G samples were significantly higher than the S. aureus control and r-SBF. The 

statistically significant differences in the Ca2+ concentration was analyzed using the 

Kruskal-Wallis method because the data sets were non-parametric. The Ca2+ concentration 

of the media cultured with the nmHA, nmHA+1G, nmHA+2G, nmHA+3G and mHA+3G 

samples were significantly lower than the Ti, PMMA control and glass reference. The Ca2+ 
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concentration of the media cultured with the nmHA+1G, nmHA+2G and nmHA+3G 

samples were significantly lower than the S. aureus positive control and r-SBF. The Ca2+ 

concentration of the media cultured with the nmHA and mHA+3G samples were 

significantly lower than the r-SBF. For the Ca2+ concentration of the media cultured with 

the HA coated Mg mini-screws, the mHA+2G sample had significantly higher Ca2+ 

concentration when compared with the nmHA, nmHA+1G, nmHA+2G, nmHA+3G and 

mHA+3G samples.  
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Figure 3-7: Analysis of pH and ionic concentrations in the media of the nmHA, nmHA+1G, 

nmHA+2G, nmHA+3G, mHA, mHA+1G, mHA+2G, mHA+3G, Mg, Ti and PMMA 

controls, glass reference and S. aureus positive control, and blank r-SBF. (a) pH of media, 

(b) Mg2+ ion concentration, (c) Ca2+ ion concentration. Values are mean ± SD, n = 3; *p < 

0.05. 
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3.3.6 Degradation properties (qualitative analyses) of HA coated Mg miniscrews 

after 12-week immersion study 

Figure 3-8 shows the microscopic images of the nmHA, mHA, mHA+1G, 

mHA+2G, mHA+3G and non-coated Mg samples at each prescribed time point during the 

12 weeks of immersion in r-SBF. It is visible that small white crystal started to form on the 

surfaces of  the nmHA, mHA, mHA+1G, mHA+2G, mHA+3G samples and Mg control at 

day 1 of immersion. At day 3 of immersion, the mHA, mHA+2G, mHA+3G samples and 

Mg control  started to lose their regular shape, whereas the nmHA and mHA+1G samples 

started to lose their regular shape at day 5 of immersion. As the immersion time extended, 

more white crystals grown on the surface of the HA-coated Mg mini-screws and Mg 

control. All samples were fully covered with white crystals at 7 days of immersion. Mg 

showed the most accumulation of the white crystals on its surface at the end of the12 weeks 

of immersion.  
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Figure 3-8: Macroscopic images of nmHA,  mHA, mHA+1G, mHA+2G, mHA+3G and 

non-coated Mg control at each prescribed time point during 12 weeks of immersion in r-

SBF. The scale bar was 500 μm for all images. The samples before immersion is shown in 

0-day row.   
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The surface morphology and elemental composition were characterized after 12 

weeks of immersion using SEM/EDS, as shown in Figure 3-9. No cracks were found on 

the surface of  the nmHA, mHA, mHA+1G, mHA+2G, mHA+3G and non-coated Mg 

samples (Figure 3-9a,b,c,d,e,f), which could be ascribed to the full coverage of the non-

soluble degradation products. The EDS analyses in Figure 3-9g shows the presence of Mg, 

Ca, P, O and C in all the HA-coated Mg mini-screws and non-coated Mg control. The 

mHA+3G had a higher Ca/P atomic ratio when compared with the nmHA, mHA, mHA+1G, 

mHA+2G samples and Mg control. The percentages of Ca and P in the mHA+3G sample 

increased was higher than other samples, indicating higher Ca/P depositions or a better 

preservation of the HA coating during the immersion. Figure 3-10 shows the XRD spectra 

for the nmHA, mHA, mHA+1G, mHA+2G, mHA+3G samples and Mg control after 12 

weeks of immersion in r-SBF. The phases were identified according to the standards in the 

Inorganic Crystal Structure Database (ICSD): 02-020-0669 for MgCO3·3H2O, 00-033-

0878 for Mg3(PO4)·8H2O and 01-086-0174 for CaCO3. The XRD spectra confirmed the 

deposition of MgCO33H2O, Mg3(PO4)28H2O and CaCO3 on surface of all the HA coated 

Mg mini-screws and Mg control, which in agreement with the detection of Mg, C, P, O 

and C elements for all the samples from the EDS analyses.  
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Figure 3-9: Surface morphology and elemental composition of material of interest. (a)  

nmHA,  (b) mHA, (c) mHA+1G, (d) mHA+2G, (e) mHA+3G and (f) Mg control after 12 

weeks immersion in r-SBF. The original magnifications for all SEM images were 200x, 

scale bar =100 µm. (g) surface elemental composition (wt.%) of nmHA, mHA, mHA+1G, 

mHA+2G, mHA+3G and non-coated Mg control at 200x magnification.  

 



 126 

 

Figure 3-10: XRD spectra of the degradation layers on the surface of all samples after 

immersion in r-SBF for 12 weeks. Phases were identified based on MgCO3∙3H2O (ICSD 

pattern 00-020-0669), Mg3(PO4) 2·8H2O (ICSD pattern 00-033-0878) and CaCO3 (ICSD 

pattern 01-086-0174). 

 

3.3.7 Degradation properties (quantitative analyses) of HA coated Mg mini-screws 

after immersion in r-SBF 

The ratios of final mass/initial mass (
𝑀𝑓

𝑀0
 ) of the HA coated Mg mini-screws and 

Mg control are shown in Figure 3-11a, where 𝑀𝑓  means the final dried mass of each sample 

at each prescribed time point and 𝑀0 means the initial dried mass of each sample at 0 h 

before the immersion study. nmHA, mHA, mHA+1G, mHA+2G had mass gain after 1 day 

and 3 days of immersion, while mass loss was found after 5 days of immersion. The mHA 

had a mass loss at all prescribed time points.  the non-coated Mg control showed a mass 

gain at 1 day, 3 days and 5 days of immersion and a mass loss after 1 weeks of immersion. 
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nmHA and non-coated Mg had the least mass loss, followed by the order of mHA, 

mHA+3G, mHA+2G and mHA+1G. It was found that mHA+1G had the most mass loss, 

with only 30% mass remained after 12 weeks of immersion. Loading gentamicin was found 

to accelerating the mass loss of nmHA because more mass loss was occurred for mHA with 

gentamicin when compared with mHA along (without gentamicin). nmHA showed the 

least mass loss, with 36% mass remained at 12 weeks.. When the amount of gentamicin 

was increased from 10 wt. % to 30 wt. %, the mass loss of mHA coated Mg decreased. 

From Figure 3-11a, mass loss of nmHA+1G was higher than nmHA+2G, while mass loss 

of nmHA+2G was larger than nmHA_3G.  

Figure 3-11b shows the increase of pH for the post-cultured media at each 

prescribed time points. All groups of sample and control show that increase in pH after 

immersion in r-SBF.  At 1 day of immersion, Kruskal-Wallis method confirms a 

significantly lower increased of pH in the media cultured with the nmHA sample than the 

Mg control. At 5 days of immersion, the increase of pH in the media cultured with the 

mHA+1G sample was significantly lower than the mHA+3G sample and Mg control.  At 

2 weeks of immersion, the increase of pH in the media cultured with the nmHA sample 

was significantly lower than the mHA+2G sample. At 3 weeks of immersion, the increase 

of pH in the media cultured with the nmHA sample was significantly higher than the 

mHA+1G. At 4 weeks of immersion, the increase of pH in the media cultured with the 

nmHA sample was significantly higher than the mHA+3G sample. At 5 weeks of 

immersion, the increase of pH in the media cultured with the nmHA sample was 

significantly lower than mHA+2G, mHA+3G and Mg control. The increase of pH in the 
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media cultured with the mHA+1G sample was significantly lower than the mHA+2G and 

mHA+3G samples. At 6 weeks of immersion, the increase of pH in the media cultured with 

the mHA+3G sample was significantly lower than the mHA sample. At 7 weeks of 

immersion, the increase of pH in the media cultured with the mHA+1G sample was 

significantly lower than the mHA+3G sample. No significant differences was found among 

all groups of samples at 3 days, 1 week and 8 weeks of immersion.  

The ionic concentration analyses, i.e., Mg2+, Ca2+ concentration, are shown in 

Figure 3-11c and Figure 3-11d, respectively. For Mg2+ concentration in the post-culture 

media, no significant difference was found among all group of samples at each prescribed 

time points.  For Ca2+ concentration in the post-culture media at 1 day of immersion, no 

significant differences was found among all group of samples. At 3 days of immersion, the 

Ca2+ concentration in media cultured with the mHA sample was significantly lower than 

the mHA+3G sample. At 5 days of immersion, the Ca2+ concentration in media cultured 

with the mHA sample was significantly lower than the mHA+1G and mHA+3G samples. 

At 7 days of immersion, the Ca2+ concentration in media cultured with the mHA sample 

was significantly lower than the nmHA, mHA+1G, mHA+2G, mHA+3G samples and Mg 

control. The Ca2+ concentration in media cultured with the mHA+2G and mHA+3G 

samples were significantly lower than the Mg control. At 2 weeks of immersion, the Ca2+ 

concentration in media cultured with the nmHA sample was significantly higher than the 

mHA, mHA+1G, mHA+2G samples and Mg control. The Ca2+ concentration in media 

cultured with the mHA sample was significantly lower than the mHA+1G, mHA+3G 

samples and Mg control. The Ca2+ concentration in media cultured with the mHA+2G 
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sample was significantly lower than the mHA+1G, mHA+3G samples and Mg control. At 

6 weeks of immersion, the Ca2+ concentration in media cultured with the mHA+3G sample 

was significantly lower than the mHA+1G and mHA+2G samples. The Ca2+ concentration 

in media cultured with the mHA+2G samplewas significantly higher than the Mg control. 

At 8 weeks of immersion, the Ca2+ concentration in media cultured with the nmHA sample 

was significantly higher than the mHA sample and Mg control. The Ca2+ concentration in 

media cultured with the mHA sample and Mg control were significantly lower than the 

mHA+1G and mHA+2G samples. At 10 weeks of immersion, the Ca2+ concentration in 

media cultured with the nmHA sample was significantly higher than the mHA, mHA+2G 

samples and Mg control. The Ca2+ concentration in media cultured with the mHA sample 

was significantly lower than the mHA+1G and mHA+3G samples. The Ca2+ concentration 

in media cultured with the mHA+3G sample was significantly lower than the mHA+2G 

sample and Mg control. At 12 weeks of immersion, the Ca2+ concentration in media 

cultured with the nmHA sample was significantly higher than the mHA sample and Mg 

control. The Ca2+ concentration in media cultured with the mHA sample was significantly 

lower than the mHA+1G and mHA+2G samples. The Ca2+ concentration in media cultured 

with the mHA+2G sample was significantly higher than the Mg control. No significant 

differences of the Ca2+ concentration in the media was found among all groups of samples 

at 1 days and 4 weeks of immersion.  

Figure 3-11e and f show the average daily degradation rates for the HA coated Mg 

samples and Mg controls nominalized by their initial volume (V0) and initial surface area 

(SA0), respectively.  The average daily degradation rates were calculated based on the 
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measured Mg2+ concentrations in the post-culture media (r-SBF) 172. No significant 

differences of the average daily degradation rates rate relative to V0 and SA0 was found 

among all groups of samples. 

 

Figure 3-11: The degradation properties of materials of interest when they were immerse 

in r-SBF. (a) Mass change (the ratio of final/initial dry mass Mf/M0) (b) Increase of pH  (c) 

Mg2+ ion concentration, (d) Ca2+ ion concentration, (e) average daily degradation rate 

relative to the initial volume (V0) of the mini-screws, (f) average daily degradation rate 

relative to the initial surface area (SA0) of the mini-screws. Values are mean ± SD, n = 3 

at all time points. *p < 0.05. 
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3.4 Discussion 

3.4.1 Degradation properties of the HA-coated Mg mini-screws 

Surface characterization of the mHA coatings suggested that the addition of 

gentamicin (i.e., mHA+1G, mHA+2G, mHA+3G) induced a few agglomerates in the 

coating layers when compared with the mHA coated Mg without gentamicin that provided 

a more homogeneous distribution of HA particles. Additionally, depositing nHA particles 

on top of mHA coating layers induced agglomerates and micro-cracks in the nmHA coating 

layers (i.e., nmHA, nmHA+1G, nmHA+2G, nmHA+3G). From the post-culture media 

analyses after 24-h cell culture and bacterial culture, the pH and [Mg2+] in the culture media 

of the nmHA coated Mg samples were higher than the mHA coated Mg samples, which 

could be caused by the agglomerates and micro-cracks on the surfaces of the nmHA coated 

Mg samples that allow the penetration of aggressive ions in the media to attack the 

underlying Mg and accelerated the degradation. Therefore, the nmHA sample was selected 

as a representative for the nmHA coated Mg samples for long term immersion study. The 

degradation behaviors of the HA coated Mg samples were studied via qualitative analysis 

of the samples and quantitative analysis of the post-cultured media (r-SBF) at each 

prescribed time points. The micro-scale surface for the samples during 12-week of 

immersion shows no apparent difference at each prescribed time points, all lost their 

structural integrity since 3 days of immersion in r-SBF. The average daily degradation rates 

for the HA coated Mg samples and Mg control was calculated from the Mg2+ concentration 

in post-culture media (r-SBF) and normalized by the initial volume (V0) and initial surface 

area (SA0). No significant differences was found among all HA coated Mg samples..  
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3.4.2 Cytocompatibility of the HA-coated Mg mini-screws 

In the direct culture method, the nmHA coated Mg samples (i.e., nmHA, 

nmHA+1G, nmHA+2G, nmHA+3G) shows lower BMSC adhesion density in average than 

the mHA coated Mg samples under direct contact, possibly because of the higher localized 

alkalinity and the more agglomerates in the coating layers. In addition, adding gentamicin 

to the HA coating layers did not have significant effects on the BMSC adhesion and 

morphology as compared with the nmHA and mHA samples under direct contact. This 

suggests that the presence of gentamicin in the HA coatings did not interfere the in vitro 

BMSC responses under direct contact.  

Under indirect contact, the solubilized degradation products released by the HA 

coated Mg did not affect the BMSC morphology. The nmHA coated Mg samples shows 

lower BMSC adhesion density in average than the mHA coated Mg samples under indirect 

contact, possibly because the higher pH in the media cause by the agglomerates and 

microcracks in the nmHA coating layers. In addition, adding gentamicin to the HA coating 

layers did not have significant effects on the BMSC adhesion and morphology when 

compared with the nmHA and mHA samples under indirect contact. This suggests that the 

presence of gentamicin in the HA coating layers did not interfere the in vitro BMSC 

responses under indirect contact. 

3.4.3 Antimicrobial properties of the HA-coated Mg mini-screws against S. aureus 

In terms of the viability of S. aureus adhered on the surfaces, all HA coated Mg 

samples and Mg control have antimicrobial effects against S. aureus because their CFUs 

were significantly lower than the Ti, PMMA controls and glass references. But no apparent 
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difference in the CFUs adhered on the surfaces was found among the HA coated Mg 

samples and Mg control. For the viability of S. aureus from the culture media, all HA 

coated Mg samples except for the mHA coated Mg sample showed inhibitory effects on 

the growth of S. aureus when compared with the Mg Ti, PMMA controls and glass 

references. More importantly, the nmHA sample showed significantly lower CFUs from 

its culture media when compared with the Mg control, which was in agreement with our 

previous study that showed similar effects of the nHA sample [unpublished]. To our best 

knowledge, very few papers reported the antimicrobial properties of HA nanoparticles. Ge 

et al. reported a lower average CFUs of S. aureus of the HA coated Ti sample when 

compared with the Ti control.173 Baskar et al. 174 reported the antimicrobial property of HA 

nanoparticles at a concentration of 370.7 µg/mL for 24 h of incubation and investigated its 

antimicrobial mechanism. Through the measurement of lactate dehydrogenase in the 

culture media and observation of the surface of the bacteria under TEM, it was found that 

the HA nanoparticles caused the cell/membrane damage of S. aureus.174     

For the viability of S. aureus from the culture media, loading gentamicin into the 

mHA coating layers enhanced its antimicrobial effects against S. aureus during 24 h of 

culture. When the contents of gentamicin in the mHA coating layers increased (i.e., from 

0 to 30 wt. %), the CFU of S. aureus from the culture media decreased. The mHA + 3G 

sample had the best antimicrobial effect against S. aureus.  

3.4.4 HA coated Mg for biomedical applications 

In this study, loading gentamicin into the mHA coating layers could guarantee 

superior degradation properties and cytocompatibility despite very small agglomerates 
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produced in the coating layers. No significant differences in the degradation rates and 

BMSC adhesion under direct/indirect contact was found among the mHA+xG (x = 1, 2, 3) 

samples. The deposition of nHA layers onto the mHA coated Mg mini-screws induced 

micro-cracks and agglomerates in the nmHA coating layers, which could lead to interior 

degradation performance and BMSC response when compared with mHA coated Mg mini-

screws.  

Moreover, the antimicrobial properties of the mHA coated Mg samples was 

enhanced when the contents of gentamicin increased from 0 wt. % to 30 wt. %. Therefore, 

the collective properties (i.e., degradation, cytocompatibility, antimicrobial properties) of 

the mHA coated Mg loaded with 30 wt. % gentamicin indicated its great potential for 

implant applications. In the future, the mHA coated Mg loaded with 30 wt.% gentamicin 

will be studied in vivo to elucidate its effects on tissue regeneration and bacterial infections.  

3.5  Conclusions 

In this study, largely homogeneous mHA coatings loaded with gentamicin were 

created onto the Mg miniscrews, while visible minicracks and agglomerates were form 

when nHA coating was applying onto the mHA coated Mg. No significant difference in 

the BMSC adhesion density under direct contact was found among the HA coated Mg 

samples and Mg control, but the HA coated Mg samples and Mg control showed reduced 

cell spreading under direct contact than the Ti and PMMA controls, and glass reference. 

Under indirect contact, the mHA coated Mg samples had higher BMSC adhesion density 

when compared with the nmHA coated Mg samples. Moreover, the antimicrobial 

properties of the mHA coated Mg against S. aureus from the culture media was enhanced 



 135 

when increased content of gentamicin was loaded into the mHA coating layers, specifically, 

the mHA+3G sample showed the best antimicrobial effects against S. aureus from the 

culture media. The 12-week immersion study shows that the degradation rate among the 

mHA coated Mg samples and the nmHA sample, and Mg control were similar, without any 

significant differences. Collectively considering the cytocompatibility, antimicrobial 

properties and degradation properties, the mHA+3G sample are recommended for further 

in vivo experiments to elucidate its effects on tissue regeneration and bacterial infections. 
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