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ABSTRACT 
 

Magnesium and its alloys show great promise as potential biodegradable metals for use in 

orthopedic applications. However, one significant challenge that has hindered their 

widespread adoption in medicine is their rapid degradation rate in the physiological 

environment. This thesis is aimed to explore surface modification strategies that could 

effectively regulate the degradation rate of magnesium alloys when exposed to 

physiological environments. Additionally, the study seeks to conduct thorough in vitro 

assessments and evaluations of the biocompatibility of these modified alloys. The overall 

thesis is composed of two individual projects. 

 

Chapter 1, discusses a brief introduction of magnesium alloy as biodegradable materials 

and discusses the degradation rate when implanted in human body. Also, presents the 

approach strategies for surface modification to enhance corrosion resistance, 

biocompatibility and mechanical integrity of magnesium alloy. 

 

Chapter 2, investigates the effect of zein-bioactive glass (BG) nanocomposite on AZ31B 

magnesium alloy. BG nanoparticles required for zein and BG (zein_BG) composite were 

synthesized by a bio-inspired method using cetyltrimethylammonium bromide (CTAB) as a 

template. The formation of BG particles were confirmed by Fourier transform infrared spectroscopy 

(FTIR) showing characteristic Si-O-Si and Si-O− peaks. Nano-size of BG particles with an average 

diameter of (6.67 ± 0.06) nm was reported by transmission electron microscopy (TEM). Scanning 

electron microscopy (SEM) revealed successful deposition of zein and zein_BG coatings on the 

magnesium alloy surfaces. High resolution X-ray Photoelectron Spectroscopy (XPS) analysis on 

zein_BG coated Mg alloy immersed in HBSS revealed the corrosion deposition of Mg(OH)2  

,MgHPO4.H2O, CaHPO4.H2O, SiO2  , MgCO3 and CaCO3 on the substrate surface. More than two-

fold wettability, 95 % adhesion strength, and 14-fold increase in surface roughness were reported 

for zein_BG coated magnesium alloy compared to the bare surface. Measurements of weight loss 

and electrochemical measurements in zein and zein_BG coated alloy substrates in Hanks Balanced 

Salt Solution (HBSS) for 10 d at 37 ℃  showed a drastic decrease in weight loss of substrates after 

coating. As a result, zein_BG coated substrate was observed to possess the maximum protective 

efficacy (95.99 %) against corrosion. These findings demonstrated that simple zein_BG composite 

dip coating was a successful corrosion-resistant implant coating on magnesium alloy surface for 

orthopedic applications.  

 



 

Chapter 3, the present study reports on a novel multilayer coating for biodegradable 

magnesium (Mg) alloy substrates. This coating contains soy protein hydrolysate (SPH), 

poly(allylamine hydrochloride) (PAH), and folic acid (FA) templated bioactive glass (BG) 

nano particles. The multilayer, designated as SPH/(PAH/BG)n, was coated onto an alkaline-

treated Mg alloy surface (AMgS) through a dip-coating process with various numbers of 

cycles (n = 5 and 7) using a layer-by-layer (LbL) assembly. The BG particles had an average 

diameter of 12.53 ± 2.22 nm and were embedded with therapeutic FA molecules.  Scratch 

testing, wettability, and roughness tests showed excellent adherence of the SPH/(PAH/BG)7 

coating on AMgS, making it suitable for cell attachment. Electrochemical measurements in 

Hanks balanced salt solution (HBSS) demonstrated that the SPH/(PAH/BG)7 coating 

improved the corrosion resistance of the Mg alloy. SPH/(PAH/BG)7 coated substrate 

showed a maximum protective efficacy  of 98.4041% , thanks to the bioactive nature of BG. 

High-resolution XPS and XRD analyses on SPH/(PAH/BG)7/AMgS confirmed the 

corrosion deposition of Mg(OH)2, MgHPO4.H2O, CaHPO4.H2O, SiO2, MgCO3 and CaCO3 

on the substrate surface after immersion in HBSS for 10 d at 37 ℃. The LbL coated Mg 

substrate also showed excellent cytocompatibility by hemolysis assay  These results suggest 

that the SPH/(PAH/BG)7 /AMgS material has multifunctional  properties and can be a 

possible alternative for biomedical applications of Mg alloys. 

 

Chapter 4, summarizes the main conclusions and recommendations for  future work by use 

of surface modification (layer by layer ) coating of magnesium alloy. 
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Chapter One 

 Introduction 

 

1.1. Biodegradable Orthopedic Biomaterials 

Advanced orthopedic surgical treatments rely heavily on the progress of 

biomaterials utilized for repairing fractures and replacing joints [1]. Biomaterials are 

synthetic materials that are utilized in medical applications to treat or replace damaged or 

diseased tissue in various areas of the body. Examples of these applications include dental, 

cardiovascular, and orthopedic implants [2]. 

 

The use of biomaterials significantly enhances the health and well-being of humans 

[3]. The human body is susceptible to a range of painful injuries, including strains, sprains, 

dislocations, and fractures. A fracture is the result of excessive external force acting on a 

bone, which is larger than the strength of the osseous tissue. The risk of fractures varies 

depending on factors such as age, gender, bone strength, and overall health [4,5]. 

 

Every year, millions of people suffer from bone fractures and degenerative joint 

diseases, which may require varying types of treatment depending on the extent of the 

damage. In the case of degenerative joint disease, bone replacement is often necessary, and 

permanent implants such as artificial hips and knees are used to replace damaged tissue [6]. 

To ensure the longevity and stability of permanent implants within the body, they are 

typically made from inert materials like titanium, titanium alloys, and cobalt-chrome alloys. 

In cases where fracture fixation is required, metallic pins, screws, and plates may be 

surgically implanted to provide external support for the damaged bone tissue during the 

healing process [7]. The predominant materials utilized for bone fracture fixation are metals, 

including stainless steel and titanium alloys. Following tissue healing, the temporary 

implants, necessitate a second surgical procedure for their removal. As a consequence, this 

process can lead to the potential re-damage of the healed bone, causing discomfort for the 

patient, and imposing a considerable financial burden on the healthcare system [1]. 

 

Synthetic biomaterials should ideally mimic the tissue at the site of restoration, but 

this is often challenging to achieve. Therefore, Biomaterials employed for tissue restoration 

generally necessitate the following characteristics [2,8]: 
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1) Biocompatibility; this property ensures that the material is non-toxic, does not cause 

inflammatory reactions, hemolysis, or coagulation responses. As a result, the biomaterial 

can be safely utilized in the human body without eliciting any adverse reactions. 

2) Osteoconductivity; It refers to the material's ability to stimulate osteogenesis, the process 

of new bone formation. An osteoconductive material should facilitate cell attachment, 

proliferation, and migration, allowing the formation of an extracellular matrix on its surface 

and within its pores. This property promotes the growth of new bone tissue and facilitates 

the effective restoration of damaged bone. 

3) Biodegradability; It involves the material's ability to undergo degradation or breakdown 

over time, ideally at a rate that aligns with the pace of bone regeneration and growth.  

4) Mechanical Properties; biomaterials used for tissue restoration should have suitable 

mechanical properties that match those of natural bone at the site of implantation. These 

properties include bending, compression, and tensile strength, as well as fatigue resistance 

to sustain loads applied during bone growth. This ensures that the implant can withstand the 

stresses and strains experienced during normal physical activity. 

5) Surface Properties; a suitable surface chemistry and topological features are essential to 

facilitate effective cell attachment, differentiation, and proliferation. The surface chemistry 

should be tailored to promote cellular interactions, while the topological features play a role 

in supporting cellular adhesion and migration.  

6) Commercialization; The materials chosen for medical applications should be cost-

effective and affordable for large-scale production and distribution. Ensuring an acceptable 

cost for commercialization allows these biomaterials to be widely accessible to healthcare 

providers and patients, making the treatment options more practical and sustainable within 

the healthcare industry. 

Many biodegradable biomaterials have been identified, with a significant portion of 

them being polymers. However, biodegradable polymers often lack the ability to effectively 

stimulate bone regeneration and their mechanical properties differ from those of natural 

bone. Therefore; metallic materials are better suited for load-bearing applications when 

compared to polymeric materials, primarily due to their high mechanical strength and 

fracture toughness. In recent years, biomaterials scientists have suggested the use of 

biodegradable metallic implants made from chemically reactive metals, such as iron and 

magnesium [9]. 



 DTU: 2024                                                                                                              Page | 3  
 

Chapter 1: Introduction  

 

1.2. Magnesium Alloy as A biodegradable Implant 

Magnesium (Mg) is a biodegradable and lightweight metal with superior mechanical 

properties. Its strength and ductility are comparable to those of natural bone, making it a 

promising material for bone fracture fixation [10]. Magnesium is an essential mineral 

element for the human body, elaborate in various metabolic processes. It acts as an 

enzymatic cofactor, stabilizes the structure of DNA and RNA, and helps maintain the 

function of muscles and nerves. An adult human body typically contains a significant 

amount of approximately (0.4 g Mg / kg) body weight, varying based on individual weight. 

A major portion of this element (50 - 60%) is found within bone tissue [11]. 

 

 Magnesium exhibits physical and mechanical properties that closely resemble 

natural bone when compared to traditional metallic implant materials, with a density of 

(1.738 g/cm3) close to that of human bone tissue (1.8 g/cm3). The elastic modulus of Mg 

(45 GPa) and compressive strength (100 MPa) similar to that natural bone which is has (20 

GPa) and (130 MPa), for elastic modulus and compressive strength, respectively[5]. The 

similarities between magnesium and natural bone can potentially reduce or avoid the stress 

shielding effect, which can enhance stimulation and remodeling of the bone tissue. Due to 

these properties, magnesium proves to be an excellent biomaterial for fracture fixation 

devices, offering robust mechanical stability during the early stages of healing. 

 

1.3. Degradation Process of Mg Alloy 

Overall, the healing process of bone fracture occurs in three stages: inflammation (1 

– 7) days, repair (3 – 4 ) months, and remodeling (several months to year). Unfortunately, 

the majority of Mg-based orthopedic implants degrade before complete healing, leading to 

implant failure [12]. 

Research has demonstrated that magnesium (Mg) exhibits high degradability in both 

acidic and neutral pH conditions, which are commonly encountered in the physiological 

environment. Consequently, the rapid degradation of Mg within the human body can hinder 

tissue regeneration and potentially compromise the mechanical integrity of the implanted 

material. This situation may increase the risk of a second fracture occurrence [13]. 
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When Mg is immersed in an aqueous solution, it undergoes an anodic reaction, as 

depicted in eq.(1.1), leading to the generation of Mg2+ cations on its surface. 

Simultaneously, a cathodic reaction takes place, with protons being reduced at the cathode 

to produce H2 gas and OH- ions, as shown in eq.(1.2) Consequently, the surface of Mg 

becomes covered with a film of Mg(OH)2, as demonstrated in eq.(1.3)[3]: 

 Mg ↔ Mg2+ + 2e−                                 (anodic partial reaction)                                                    (1.1) 

2H2O + 2e− ↔ H2 + 2OH−                (cathodic partial reaction)                                      (1.2) 

Mg + 2H2O ↔ Mg(OH)2+ H2                    (overall reaction)                                          (1.3) 

 

Fig. 1.1 illustrates the corrosion degradation process of biomedical Mg alloys in 

body fluids. Galvanic coupling arises due to the potential difference between the magnesium 

substrate and intermetallic phases or grain boundaries, leading to electrochemical reactions 

taking place on the surface. Moreover, some organic molecules may be adsorbed on the 

surface of Mg alloys, affecting the corrosion process of the material. As a result of the 

reaction process, the local environment becomes alkaline due to the generation of OH- ions, 

which leads to the formation of a Mg(OH)2 film on the surface of the Mg substrate. This 

film acts as a barrier that separates the Mg from the surrounding environment. However, the 

Mg(OH)2 film is not tightly bound and contains pores, which allows external corrosion 

media to penetrate through the holes and attack the fresh Mg substrate. This leads to the 

formation of corrosion pits and the production of a significant amount of Mg(OH)2.  It is 

important to mention that the human body contains a high concentration of chloride ions 

(Cl-) which is around 150 mmol/L. When the concentration of chloride ions in the 

environment surrounding the Mg, substrate reaches 30 mmol/L, it causes the conversion of 

Mg(OH)2 into soluble MgCl2. This process can result in corrosion defects caused by 

chloride ions. The reactions as shown below in eqs. (1.4) and (1.5)[14]. 

Mg(OH)2 +2Cl− ↔ MgCl2 + 2OH−                                                                                  (1.4) 

Mg2++2Cl− ↔ MgCl2                                                                                                       (1.5) 

 

When the Mg(OH)2 layer is destroyed, the local alkalinity rises, and the Ca2+ and 

PO4
3- ions in the bodily fluid use the remaining Mg(OH)2 as the nucleation sites to produce 

calcium phosphate-based apatite. The surface of magnesium substrate forms a corrosion  
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products layer as a result of carbonates reacting with acid or CO2, leading to the deposition 

of these products. Additionally, cells are observed to adhere to the surface of magnesium. 

As the implantation duration extends, the attached cells undergo increased proliferation, 

leading to the development of new tissue in proximity to the corrosion product layer. 

Furthermore, the corroded magnesium may detach from the substrate, manifesting as 

particles that separate and fall off. The particles have the potential to become enveloped and 

ingested by the fibrous tissue or macrophages, undergoing this process until complete degradation 

occurs [15]. 

 
 

Fig. 1.1: A schematic showing the corrosion processes in Mg-based alloys in the presence 

of simulated bodily fluid (SBF) [14]. 

 

1.4. Improving the Performance of Mg for Orthopedic Applications 

The service environment of biomedical magnesium alloys is complex, with their 

mechanical performance and corrosion behavior heavily influenced by factors such as alloy 

composition, microstructure, environmental conditions, and stress levels. In recent years, 

researchers have made substantial efforts to achieve optimal corrosion resistance for 

magnesium biomaterials. This includes the development of novel magnesium alloys and the 

implementation of advanced surface modification techniques. 
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1.4.1. Alloying 

Alloying represents a primary approach to enhance the mechanical performance of 

metals. Specifically, incorporating suitable alloying elements can lead to grain refinement 

and optimize the type, size, and distribution of second phases in the material, consequently 

boosting the corrosion resistance of magnesium alloys. Furthermore, these alloying 

elements have the capability to create passive films or corrosion product layers that act as 

barriers, preventing the corrosion from further propagation. Presently, aluminum, zinc, 

manganese, calcium, strontium, lithium, and zirconium elements are extensively employed 

as alloying elements for this purpose [9]. The alloy utilized in this study is AZ31, where 

"A" & "Z" denote aluminum and zinc, respectively. The alloy contains 3 wt% of aluminum 

and 1 wt% of zinc. This particular composition offers a favorable combination of desirable 

mechanical properties, corrosion resistance, and a relatively low concentration of aluminum 

[16]. 

 

1.4.2. Surface Modification 

Surface modification is a crucial method to enhance the corrosion resistance of Mg 

alloys, alongside its impact on other aspects. By employing suitable surface modification 

techniques, we can not only improve the mechanical properties and corrosion resistance of 

Mg alloys but also enhance their biological functionality, including biocompatibility and 

bioactivity. 

 

1.4.2.1. Parameters Affecting Surface Modification 

Numerous parameters influence the surface characteristics of orthopedic implants 

and their subsequent cell response [17]. 

1) Surface Characteristic 

Orthopedic implants must not only exhibit non-toxicity and stability in terms of cytotoxicity 

and degradation but also need to be designed to closely resemble the structure of bone. This 

structural compatibility aims to optimize the interaction between the implant surface and 

the living tissue, promoting better integration and functionality. 

2) Surface Roughness 

Surface roughness; Surface roughness plays a critical role in determining the 

osseointegration rate and biomechanical fixation of orthopedic implants to bone. For  
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magnesium alloys, specifically, an important finding is that increasing the surface roughness 

of the Mg alloy results in a significant improvement in bone cell adhesion. Consequently, 

this enhanced adhesion leads to an increase in the deposition of hydroxyapatite, which is 

essential for the successful integration of the implant with the surrounding bone tissue. 

3) Porous Structure 

The size and morphology of pores significantly influence cell attachment and proliferation 

on implant surfaces. However, it is important to note that as the pore size increases, the 

mechanical properties of the implants tend to decrease, leading to a more brittle behavior. 

4) Wettability 

The biological response of a biomaterial is influenced by its wettability, which refers to its 

hydrophobicity or hydrophilicity. Wettability is affected by various factors, including 

surface roughness, chemical composition, surface energy, and heterogeneity. A hydrophilic 

surface, which exhibits a preference for water, is known to enhance cell adhesion on the 

implant surface. 

 

1.4.2.2. Types of Surface Modification 

Surface modification methods can be categorized into three types: chemical 

modification, physical modification, or a combination of these two approaches [18,19]. 

 

1) Chemical Modification 

This particular type of modification involves the removal of the native oxide layer from the 

surface and its subsequent replacement with a new phase. As a result of this process, the 

adhesion to the substrate is improved due to the formation of chemical bonds between the 

modified surface and the substrate. 

i) Acid Etching; this method of removing the native oxide layer, followed by the creation 

of uniform and compact layers, can be adopted to achieve a lower corrosion rate. By 

ensuring a consistent and tight surface, the implant's resistance to corrosion is improved, 

enhancing its overall durability and performance. 

ii) Alkaline Treatment; After immersing Mg alloys in alkaline solutions, a new passive layer 

is formed on their surface. This passive layer primarily consists of compounds such as 

Mg(OH)2, MgCO3, and MgO. 
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2) Physical Modification 

Indeed, physical coating, also known as a physical barrier coating, can be utilized through 

several approaches to form protective coatings on Mg substrates. This type of coating acts 

as a barrier between the metal and the corrosive environment, safeguarding the Mg from 

degradation. Several techniques can be employed for physical coating, including shot 

peening, laser surface treatment, anodization, and plasma electrolytic oxidation. 

3) Coating 

This technique entails applying a thin layer of material to the surface of Mg alloy, aiming 

to alter and enhance its surface properties. One such application is the use of bioactive glass 

coating, which can effectively improve the biocompatibility and osteointegration of Mg 

alloys 

 

1.5. Bioactive Glass as Coating Materials 

Around five decades ago, Bioactive glass 45S5 was first discovered by Professor 

Larry Hench at the University of Florida (USA). Since its discovery, it has remained one of 

the most extensively studied bioactive glass compositions [20]. Numerous novel glass 

compositions have been suggested and have found diverse biomedical applications, ranging 

from dental fillings and drug delivery systems to coatings for load-bearing metal implants 

and tissue engineering purposes [21]. The bioactive glass coating has demonstrated 

successful applications across a broad spectrum of implant materials, including titanium, 

stainless steel, and magnesium, for various orthopedic applications. As a result of these 

coatings, notable enhancements were observed in corrosion resistance, adhesion strength, 

and bioactivity. Among these properties, the bone-bonding capability of bioactive glass is 

particularly noteworthy, making it highly regarded for its material biocompatibility. 

Bioactive glass primarily consists of silicon dioxide (≤ 52 wt%) as a binding substance, 

sodium dioxide (≤ 32 wt%) as a strength provider, calcium oxide (≤ 16 wt%), and 

phosphorous pentoxide (≤ 6 wt%) as components that are bio-inert and promote bone 

formation. This unique composition enables bioactive glass not only to bond with bones but 

also with soft tissue. Its rapid surface activity facilitates uninterrupted and swift attachment 

to surrounding tissue through chemical bonding [22]. 
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The mechanism of action of a bioactive glass-coated substrate in Hanks Balanced 

Salt Solution (HBSS) is depicted in Fig. 1.2. When the bioactive glass-coated substrate is 

exposed to HBSS, it releases alkaline or alkaline earth elements, leading to the replacement 

of cations with H3O
+ and H+ ions from the HBSS. As a result, Si(OH)2 dissolves due to the 

action of hydroxyl ions. Meanwhile, calcium and phosphate ions migrate and react with 

CO3
2- ions present in the HBSS, forming a calcium phosphate layer. The bone bonding 

capability of bioactive glass is closely associated with its ability to form a carbonated apatite 

layer, which facilitates strong bonding with the surrounding bone tissue. This process 

enhances the integration and long-term stability of the implant in the body [4]. 

 

 

  

Fig. 1.2:  The in-vitro mechanism of action of BG coated substrates in Hank's Balanced 

Salt Solution (HBSS)[4]. 
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1.6. Major Objective of the Thesis 

The major objectives of the thesis are as follows: 

❖ Novel strategies to synthesize bioactive glass materials, by bio-inspired method and 

using as coating for Mg alloys for orthopedic application. 

• Synthesis of bioactive glass nanoparticles using Cetyltrimethylammonium 

bromide as template. 

• Synthesis of bioactive glass nanomaterials using folic acid as template. 

 

❖ To develop surface modification coating strategies that facilitate controlled 

degradation of Mg alloys in physiological environments while concurrently 

improving the biocompatibility of the surface. 

 

• Fabricate zein, zein_ bioactive glass coating on Mg alloys via dip coating 

technique. 

• Design a novel coating, {soy protein hydrolysate, poly (allylamine) 

hydrochloride, and bioactive glass} layer by layer coating on alkaline 

treated Mg alloy surface, as SPI/(PAH/BG)n /AMgS via dip coating 

technique. 

 

❖ Characterization of the coatings to determine their suitability for the proposed 

applications. For this purpose, a variety of techniques were considered, e.g. Fourier 

Transformed Infrared Spectroscopy (FTIR), X- Ray Diffraction (XRD), 

Thermogravimetric Analysis (TGA), X-ray photoelectron spectrometer (XPS) and 

Energy Dispersive Spectroscopy (EDS). Scanning Electron Microscopy (SEM) , 

Transmission Electron Microscopy (TEM) and Light Microscopy, were used to 

evaluate the macro and microstructure. 

 

❖ To investigate the impact of the surface modification (coatings) on wettability, 

surface roughness, and adhesion strength. 

 

❖ To evaluate the corrosion resistance and in – vitro bioactivity of uncoated and coated 

Mg alloys in Hanks balanced salt solution (HBSS) by weight loss, hydrogen  
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evolution and electrochemical measurement (Tafel slop and impedance spectroscopy). 

 

1.7. Outline of the Thesis 

The summary of the chapters included in the thesis is as follows: 

 

Chapter II: In this chapter, discuss the synthesis of nanomaterial bioactive glass by using 

Cetyltrimethylammonium bromide as a template  by bio – inspired method, the fabricated 

zein, (zein _ bioactive glass) coating on Mg alloy via dip technique  and study the 

mechanical and corrosion resistance of un coated and coated Mg alloys in (HBSS) for 

different immersion time. Hence, the (zein _ bioactive glass) coating was showed favorable 

mechanical, biological and surface characterization for biomedical purpose and is a 

potential candidate for in – vivo investigations. Favorable mechanical, biological and 

surface characterization for biomedical purpose and is a potential candidate for in – vivo 

investigations. 

 

Chapter III:  In this chapter, discuss the synthesis of nanomaterial bioactive glass by using 

folic acid as a template, then design a novel coating by using {soy protein hydrolysate, poly 

(allylamine) hydrochloride, and bioactive glass} layer by layer coating on treatment Mg 

alloy surface, as SPI/(PAH/BG)n /AMgS via dip technique and evaluate the mechanical and 

corrosion properties of uncoated and coated Mg alloy. Hence, the SPI/(PAH/BG)n /AMgS, 

proven multifunctional (anti – cancerous, anti – oxidant and anti- inflammatory) properties 

for biomedical applications of Mg alloys. 

 

Chapter IV:  Summarizes the outcomes of the present research work. This chapter ends 

with the conclusion of major results of the study and suggestions of suitable material for 

future applications. 
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Chapter Two 

Zein_Bioactive Glass Nano Composite Coating on Magnesium 

Alloy Substrate for Orthopedic Applications 
       

2.1. Introduction: 
Metallic biomedical materials such as stainless steel, cobalt chromium, or titanium 

alloys are extensively employed in orthopedic transplants [1–3]. Temporary fracture in these 

metallic fixation devices or inflammation at the implant site during the healing of fracture 

might lead to second surgery for their removal. This might increase patient trauma and 

medical costs. In recent years, a new class of biomedical implant materials made up of 

magnesium (Mg) alloy is extensively used [4,5]. The modulus of Mg alloy is very similar 

to natural tissue that provides resistance against stress and helps in bone resorption in the 

vicinity of the implant. Additional surgery for the elimination of implants is not essential 

because Mg alloy naturally deteriorates in living tissue [6]. However, implants made up of 

Mg alloy typically undergo rapid electrochemical disintegration in the physiological 

environment at high chloride ions concentration. Before fracture heals, rapid corrosion of 

Mg alloys not only compromises its mechanical integrity but also increases the alkalinity of 

surrounding tissues. These shortcomings of Mg alloys in clinical applications can be 

overcome by various chemical treatments and biocompatible surface coatings [7,8].” 

 

Bioactive glasses (BG) are  recognized material for bone regeneration applications, 

which contain calcium and phosphate ions in similar proportion to the bone hydroxyapatite. 

These materials are currently used as bone grafts, scaffolds and coating material in 

orthopedics due to their bone-bonding ability and biocompatibility [9]. In the case of BG, 

more than 2.6 non-bridging oxygen ions are constituted in silica tetrahedron and cause 

bioactivity of the materials [10]. Due to the bioactivity of BG, hydroxyapatite forms its 

contact surface with physiological fluids and integrates with soft/hard tissue. The contents 

of BG differ from the conventional soda-lime-silica glasses constituting more than 65 wt. 

% of silica. The composition required for a glass for its bioactivity are SiO2, Na2O, CaO, 

and P2O5 [11]. The bioactive nature of BG can function as an excellent coating material by 

well-integrating implants with host tissue through hydroxyl apatite formation at the implant-

tissue interface and can even stop the corrosion behavior of Mg alloys.  Excellent adherence 

as well as mechanical strength and uniformity of BG coating on implants is possible only 

with a biocompatible polymer [12]. 
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Magnesium Alloy Substrate for Orthopedic Applications 

       

Zein, derived from the endosperm of maize, is a macromolecular protein with a 

lengthy chain that falls under the prolamins family. Zein has effective film-forming 

capabilities due to its chemical structure, degree of polymerization, and molecular weight. 

Since it is also amphiphilic, it can be blended with both hydrophilic as well as hydrophobic 

materials for tailored properties. Importantly, zein is a suitable material for biodegradability, 

biocompatibility cell attachment, and proliferation capabilities [13]. These attractive 

properties have made zein the most suitable polymer in combination with bone regenerative 

BG as zein and BG (zein_BG) composite coating on a temporary degradable Mg alloy 

surface. 

Several coating methodologies are being used to coat implant surfaces, such as 

thermal spraying, plasma spraying, physical vapor deposition, radio frequency sputtering, 

electrophoretic deposition, and dip coating [14,15]. Among all, dip coating is a sustainable 

and reproducible method, which does a uniform coating on a solid surface via a liquid 

suspension at room temperature. A few researchers have shown successful deposition of 

biopolymer _BG composite coating on alloy surfaces by electrophoretic deposition [16,17]. 

The electrophoretic deposition needs a judicious choice of solvent media and only 

conducting substrates. In addition, organic solvents are common media for electrophoretic 

deposition, which has environmental concerns. Aqueous electrophoretic deposition is 

expensive and uneconomical for electrophoretic deposition[18]. 

 

The present study is aimed to synthesize BG nanoparticles by a bio-inspired method 

using CTAB as a template. The obtained BG powder was mixed with zein solution and the 

resulting zein_BG composite was dip-coated on the Mg alloy surface at room temperature. 

Both BG and zein_BG coated Mg alloy substrates were analyzed using X-ray diffraction 

(XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), 

thermogravimetric analysis (TGA), and Fourier transform infrared spectroscopy (FTIR) 

along with only zein coated Mg alloy as a control sample. Nano size of BG particles was 

confirmed by transmission electron microscope (TEM). Using the biopolymer zein, the Mg 

alloy substrate is dip-coated both with and without the BG nanoparticles. In addition, 

corrosion characteristics of zein and zein_BG coated Mg alloy substrates were subjected to 

weight loss analyses, potentiodynamic polarization, and electrochemical impedance  
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spectroscopy (EIS) in the presence of Hanks balanced salt solution (HBSS) at 37 ℃.  The 

coated Mg alloy substrates are also tested for mechanical properties, wettability, adhesion 

strength, and surface roughness. The degradation of the uncoated and coated alloy materials 

is tested by hydrogen evolution in HBSS solution and subjected to an X-ray photoelectron 

spectrometer (XPS) for surface characterization. 

 

2. 2. Experimental Procedure  

 

2.2.1. Materials 

Zein powder (CAS number 9010-66.6), cetyltrimethylammonium bromide (CTAB) 

(CAS No- 57-09-0),  tetraethyl orthosilicate (TEOS) (CAS No- 78-10-4), triethyl phosphate 

(TEP) (CAS No- 78-40-0), sodium acetate (NaAC) (CAS No- 127-09-3), calcium acetate 

(CaAC) (CAS No- 114460-21-8) and Hanks, balanced salt solution (HBSS), which is 

otherwise called simulated body fluid (SBF) were purchased from a standard chemical 

company, Sigma-Aldrich, USA. AZ31B magnesium (Mg) alloy (composition in Table 2.1) 

was obtained from Parshwamani Metals, Mumbai, India. All other chemicals used 

throughout the study were of AR grade with high purity. In this investigation, Milli Q water 

was utilized. All the experimentations were performed in triplicated and analyzed for error 

prediction using Analysis of Variance (ANOVA) from Origin Lab 2021 software. 

 

Table 2.1: Composition of AZ31B Mg alloy. 

Element  Al Zn Mn Mg 

Wt. % 2.4 0.5 0.05 Bal. 

 

2.2.2. Synthesis of Bioactive Glass  

An aqueous solution of 10 mM tris (hydroxymethyl) aminomethane (TRIZMA) 

buffer at pH 8 was prepared by dissolving 61.4 mg/mL of TRIZMA HCl and 74 mg/mL of 

TRIZMA base in Milli-Q water. The CTAB stock solution was prepared by mixing 1 mg/mL 

of CTAB in 100 mL of 10 mM TRIZMA buffer solution at pH 8. In 100 mL CTAB (1 

mg/mL) solution in TRIZMA buffer at pH 8, the BG precursors namely TEOS (9.29 g),  

TEP (1.0 g),  NaAC (6.36 g), and CaAC (4.21 g) were consecutively added at an interval of 

30 min  (Scheme 1) and kept for continuous stirring at 37 ℃ overnight as per our earlier  

https://www.sigmaaldrich.com/IN/en/search/57-09-0?focus=products&page=1&perpage=30&sort=relevance&term=57-09-0&type=cas_number


DTU: 2024                                                                                                               Page | 17    

 

Chapter 2: Zein_Bioactive Glass Nano Composite Coating on 

Magnesium Alloy Substrate for Orthopedic Applications 

 

procedure [19]. Following this, the resulting white BG precipitate was centrifuged and 

washed with 70 % ethanol to remove unreacted components.   

Scheme 1:  Schematic representation depicting CTAB templated BG synthesis. 

 

2.2.3. Dip Coating Procedure 

“A hole (2mm diameter) was drilled in AZ31B Mg alloy of size ( 20 mm  10 mm 

 4 mm) and was also brazed using silicon carbide paper (220 – 2000 grits). The alloy 

surface was cleaned using ultrasonication for 10 min with acetone to remove impurities 

followed by air drying. A 100 ml of 1.2 wt % zein solution was prepared in 20 % ethanol 

solution by heating to 37 ℃ using a hot plate and kept for continuous stirring for 30 min to 

ensure homogeneity. The pH of the zein solution was kept at 7.0 by acetic acid, mixed with 

0.025 wt % of BG, and sonicated for an hour in ultra-sonicator bath. Then the Mg alloy was 

submerged for 2 h in zein_BG suspension, removed, and air dried for 15 min before being 

baked at 40 ℃ in an oven overnight. Similarly, the Mg alloy surface was also coated with 

zein alone. 
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2.2.4. Characterization studies 

2.2.4.1. Morphological Analysis 

The surface morphology and size of BG were recorded using Transmission electron 

microscopy (TEM) (CM200 – FEG – Philips) operating at an accelerating voltage of 200 

kV as well as required magnification and elemental content. The BG particle size was 

analysed using ImageJ bundled with 64-bit Java 1.8.0_172 software. 

Zein and zein _ BG coated Mg alloy substrates were subjected to scanning electron 

microscopy (SEM) (FEI Quanta 200 F) at 500 X magnification and an accelerating voltage 

of 20.0 kV. The uncoated and coated Mg alloy samples were also visualized through optical 

microscopy at magnification (1000 X) after immersing with HBSS. 

2.2.4.2. Energy Dispersive Spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy was performed to find the chemical 

composition of zein and zein_BG coatings on the Mg alloy surface using the detector 

XFlash 6|60 part of Quanta 650 (FEI). 

2.2.4.3. Fourier Transform Infrared Spectroscopy (FTIR): 

Native BG as well as zein and coated Mg alloy substrates (zein and zein _BG) were 

subjected to FTIR analysis using NICOLET 380 FTIR spectroscopy. The FTIR 

spectrometer was operated in the spectral range of 4000 cm-1 to 400 cm-1 with a resolution 

of 1 cm-1. 

2.2.4.4. Thermogravimetric Analysis (TGA): 

The thermal stability of native zein as well as BG and zein _ BG composite film 

samples were investigated using a thermogravimetric analyzer (SDT, Q600, TA instrument).  

Under a nitrogen atmosphere, the substrates were gradually heated from room temperature 

to 800 ℃ at a rate of 5 ℃ per minute. Throughout the heating process, a constant nitrogen 

flow rate of 50 mL/min was maintained. 

2.2.4.5. X-ray Diffraction (XRD) Analysis: 

XRD analysis on native zein as well as BG and zein _ BG composite film substrates 

was performed using a BRUKER D4 X-ray diffractometer operating at 30 kV and 15 mA  
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with the Cu- Kα radiation at room temperature. For analysis, the 2θ range of 5° to 90° with 

a step size of 0.01 and a counting time of 6s per step was maintained. 

2.2.4.6. Contact Angle Measurement 

  The contact angle of water drops (20 µl of deionized water) on the coated and 

uncoated (zein and zein _BG) surface of the Mg alloy substrates was measured using a 

DSA25 drop shape analyzer, Kruss Scientific, India. The image of a sessile drop at the 

points of intersection (three-phase contact points) between the drop contour and the 

projection of the surface (baseline) was used for the measurement.  

 

2.2.4.7. X-ray Photoelectron Spectrometer (XPS) 

The elemental composition of zein_BG coatings on the Mg alloy surface was 

investigated by XPS before and after immersion in HBSS. The analyses were performed 

using the VGESCALAB II system with AlKα radiation of energy1486.6 eV. The binding 

energies were determined regarding the C1s line at 285.0 eV (from an adventitious carbon). 

2.2.4.8. Surface Roughness Tests 

The surface roughness of the uncoated and coated Mg alloy substrates was tested by 

TR-100 (TestLab) surface roughness tester by following ASTM (D3359-B) protocol. For 

the adhesion test, a perpendicular lattice pattern with 12 cuts in each direction was made 

through the alloy sample surface and a prescribed pressure-sensitive tape was applied over 

the lattice and then removed.  To assess the adhesion of the film, a 0 to 5 scale was utilized, 

and it was evaluated by comparing with standard descriptions and illustrations. 

2.2.4.9. Corrosion Characterization  

The corrosion behavior of the uncoated and coated (zein and zein_ BG) Mg alloy 

substrates was assessed after immersing in HBSS at pH 7.4 for (3, 7, and 10 ) days at 37 ℃  

by weight loss method followed by microscopic examination and electrochemical 

impedance spectroscopy (EIS) analysis. The clean alloy substrates were weighed before and 

after immersing in HBSS as per ASTM G61 – 86 procedures. The corrosion rate (CR) and 

protection efficiency (PE %) of the alloy substrates were calculated by using EQs. (2.1) and  

https://www.kruss-scientific.com/en/know-how/glossary/sessile-drop
https://www.kruss-scientific.com/en/know-how/glossary/baseline
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(2.2) as given below [20] : 

CR (mg/cm2.d) =
w2 - w1 

A t
                                                                                                      (2.1)   

PE % =  
(CR uncoated-CR coated)  

CR uncoated
× 100                                                                                 (2.2) 

Where; w1 & w2 are the weight of substrates before and after immersion; respectively. 

A; area of the sample (cm2) and t; time (h). 

An electrochemical analyzer (PAR Model 2273, Princeton, USA) was employed to 

acquire the potentiodynamic polarization curve and electrochemical impedance spectra 

(EIS).A three-electrode cell set-up was used in which the prepared substrates with an 

exposed area of (1.0 cm2) were the working electrode (coated sample), saturated calomel 

electrode (SEC), and a platinum sheet were used as the reference and counter electrodes, 

respectively. The polarization started from -2.0 V to -1.0 V at a scan rate of (1 mV/s). The 

electrochemical parameters corrosion potential (Ecorr, V), corrosion current density (Icorr, 

A/cm2), and Tafel slopes (βa & βc) (V dec-1) were fitted using the Tafel extrapolation 

method. EIS was recorded at open circuit potential for 10-mV sinusoidal amplitude over a 

frequency range of 100 kHz to 0.01 Hz. The obtained EIS Nyquist plots were analyzed using 

ZSimp Win software (version 3.1 USA) and were best fitted to the appropriate equivalent 

circuit model. A stable open circuit was established within 1 h  before the EIS testing.  The 

experiment was conducted in HBSS. 

The polarization resistance (Rp,V) and corrosion protection efficiency (% IE) were 

calculated using Eq.(2.3)[21] : 

Rp = 
βaβc

2.303 Icorr  βaβc
                                                                                                                    (2.3) 

Where; βa and βc are anodic and cathodic slopes (V dec-1); respectively. 

 

2.2.4.10. Hydrogen Evolution Test 

To conduct the hydrogen evolution test, an experimental setup was devised as 

described below. The substrates were immersed in HBSS at a temperature of 37 ℃, 

positioned beneath an inverted funnel. The funnel was connected to a graduated burette, 

which was properly sealed. Throughout the test, the water level in the burette was 

periodically measured over a duration of 240 h, with the substrates fully exposed to the 

surface. 
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2.3. Results and Discussion 
 

In the present study, CTAB templated BG synthesis was carried out by a bio-inspired 

approach by sequential addition of TEOS, TEP, NaAC, and CaAC as per our earlier 

procedure [22,23]. The template is well known for directing the particle size including 

textural features of BG through micellar aggregation [22]. The CTAB micellization results 

in higher positive charge density at its surface. Initial addition of TEOS hydrolysis at pH 8 

results in negatively charged silica molecules. The charge attraction between negatively 

charged silica and positively charged CTAB micellar aggregation leads to heterogeneous 

nucleation of the SiO2 network on the micellar surface. Further TEP addition in the reaction 

mixture similarly includes P2O5 in the existing SiO2 network and is followed by the 

homogenous nucleation of the other precursor molecules. This includes the formation of 

Na2O and CaO, which are network modifiers and occupy the interstitial sites of the network 

and resulting in the formation of BG nanoparticles. The interesting structure directing 

property of template in the synthesis of other oxide materials through bioinspired approach 

has been well demonstrated in the literature [24]. 

 

2.3.1. Material Characterization  

2.3.1.1. TEM 

 

The TEM micrograph of the BG sample is portrayed in Fig. 2.1(a). Based on the 

micrographs, BG particles were of more or less uniform spherical shape with aggregated 

morphology. An average particle size of 6.67 ± 0.06 nm was reported by image J analysis 

software on TEM micrographs Fig. 2.1(b).  
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Fig. 2.1: (a) TEM micrograph of BG particles and (b) Average particle diameter of BG 

ImageJ analysis software (included with 64-bit Java 1.8.0 _ 172) was used to analyses the 

particle size distribution from TEM micrograph. 

 

2.3.1.2. FTIR 

The FTIR spectrum for native zein protein is portrayed (Fig. 2.2(b) ). The 

Broadband corresponding to stretching of the N-H and O-H bonds (amide A) of protein 

appeared between 3500 cm−1 to 2800 cm−1. Amide I band corresponding to stretching of 

carbonyl (-C=O) group of peptide bond was seen at 1655 cm−1. Amide II band due to angular 

deformation of N-H as well as C-H stretching vibrations were reported at 1528 cm−1 and -

COO− symmetrical stretching was seen as a small peak at 1439 cm−1.  Due to the 

deformation of the C-N bond, a small shoulder at 1246 cm−1 (amide III) appeared. The FTIR 

spectrum of BG showed a broad band centered around 3451 cm-1 and a small shoulder at 

1615 cm-1 due to O – H stretching as well as bending vibrations of silanol groups of BG and 

absorbed water molecules. As per our previous reports a sharp peak reported at 1572 cm-1 

was assigned to C – O stretching group of the template molecule (CTAB)[25]. The peaks at 

1422 cm-1 and 788 cm-1 were assigned to bending vibrations of Si–OH and Si – O – Si 

groups,  respectively.  The intense band centered at 1100 cm-1 was due to the P – O bending 

vibration. A small shoulder reported at 973 cm-1 corresponds to the Si – O stretching bond. 

The reported native zein and BG FTIR spectra is in line with earlier findings [26].  

 

(b) 
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Zein_BG FTIR spectrum contains a characteristic zein peak due to amide I (1660 

cm-1), amide II (1536 cm-1), and due to C-N bending (1239 cm-1). Apart from characteristic 

zein peaks, BG peaks were also seen in the zein_BG sample. For example, peaks due to 

bending vibrations of Si – OH (1444 cm-1), Si – O – Si (702 cm-1) along with a small 

shoulder due to P – O bending (1100 cm-1) as well as Si – O stretching (929 cm-1). 

Interestingly, amide I and amide II peaks of zein in zein_BG were slightly shifted to a higher 

wavenumber (about 5 cm-1) compared to native zein, which confirms the physical 

interaction between zein and BG particles in the zein_BG sample. Similarly, the 

characteristic Si – OH (1444 cm-1), bending vibrations of BG in zein_BG showed about 

1422 cm-1 shifts compared to native BG confirming a chemical interaction between BG and 

zein in zein_BG. On the other hand, the Si – O – Si (702 cm-1) bending vibration of zein_BG 

appeared as a small broadband at the lower wavenumber compared to the Si – O – Si (788 

cm-1) sharp peak of native BG. 

  

2.3.1.3. XRD 

The XRD patterns of native zein coating and BG nanoparticles, as well as zein _ BG 

composite coating, are shown in (Fig. 2.2(c)). XRD pattern of zein indicated two broad 

diffracting domains (2) centered at 9.2ᴼ and 20.3ᴼ. The characteristic diffractions of zein in 

the 2 range of 9.2ᴼ and 20.3ᴼ revealed the average intermolecular distances of the skeleton 

in the α-helical structure of the protein (4.6) and α-interhelix diffracting domain  (8.96 ) 

in zein ; respectively [19]. Native BG powder showed a broad hump in 2θ range of 18° to 

30° indicating the amorphous nature of the sample. The XRD pattern of the zein _BG 

showed two broad diffracting domains of zein centered around 2 range of 9.8ᴼ and 19.2ᴼ. 

along with few other diffracting domains at 2θ values of 28.6° and 38.7°. The observed 

diffraction maxima correspond to JCPDS Card No.: 01-084-0151 (Na3Ca (SiO3) (PO4)). 

 

2.3.1.4. TGA 

The TGA curve of zein and BG powder and zein _ BG film are shown in (Fig. 

2.2(a)). For zein, the initial weight loss of 8.2 wt % at 103.4 ℃  was because of the 

elimination of   water molecules. Thereafter weight (93.4 wt %) of the sample remains more  
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or less the same up to 255 ℃ and drastically reduced to 15.8 wt %  at 364.6 ℃ indicating 

the degradation of zein. After 364.6 ℃ a complete degradation of the protein was reported. 

For BG the initial weight loss of (15.7 wt %) occurred at the temperature around 77 ℃  due 

to the adsorbed water. Further, a slight gradual weight loss (28.1 wt %) was reported 

indicating loss of remnant CTAB template molecules up to around 325 ℃. Thereafter, up to 

442 C, around 47.8 wt % of BG remained after the stabilization of the inorganic network 

and remained more or less constant up to 800 ℃. Zein _BG film showed initial weight loss 

of 14.1 wt % in the temperature range 34.6 ℃ – 94.7 ℃ due to loss of adsorbed and occluded 

water molecules. The major weight loss of 74.34 wt % was reported between the 

temperature range of 216 ℃– 318 ℃ indicating the degradation of zein as observed in the 

case of native zein molecule. Thereafter, 28 wt % remnant of the zein_BG composite 

confirms the existence of the BG inorganic network. Remarkably, the range of zein 

degradation in the zein_BG composite was reported more or less the same (216 ℃– 373  

℃) compared to native zein (251 ℃– 375 ℃) indicating the existence of zein in the 

composite as observed by FTIR (Fig. 2.2(b)). 

 

(a) 
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Fig. 2.2:  (a) TGA (b) FTIR spectra and (c) XRD patterns of BG nanoparticle, zein and 

zein_BG coating on the Mg alloy substrate. 

 

2.3.1.5. SEM   

Fig. 2.3 (a and b)  shows SEM images of Mg alloy substrates coated with zein and 

zein _ BG respectively at 500 KX magnification and 20 m resolution. Zein deposition on 

the Mg alloy surface was fairly uniform with porous microstructure as reported in the 

literature [22]. SEM micrographs of the Mg alloy surface deposited with zein_BG 

composite displayed a denser rough surface coverage compared to the zein surface. In 

zein_BG film, BG particles were well integrated with zein. The reported integration 

supports the findings of FTIR (Fig. 2.2(b)), which evidenced physical and chemical bonding 

between zein and BG in the zein_BG composite. 

(b) (c) 
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The cross-sectional SEM images at 1.00 KX magnification and 20 m resolution of 

the zein and zein_BG coated Mg alloys are presented in Fig. 2.3 (c and d), respectively. As 

per the micrographs, the thickness of zein and zein_BG coatings on Mg alloy were observed  

as 14.65 µm and 27.26 µm,  respectively. zein_BG coating on Mg alloy was visualized as 

more compact than zein coating on the alloy substrate.  

The chemical composition of zein and zein_BG coated Mg alloy surfaces were 

obtained by EDS analysis and are shown in Fig. 2.3 (e and f).  The EDS results 

demonstrated  the existence of Mg, C, O, and P on the zein-coated alloy surface. Zein_BG 

coated alloy surface was reported with Mg, Si, C, O, and P. From the intensity of the EDS 

spectra, the wt (%) of Mg, Si, C, O, and P were obtained. The results showed the higher 

distribution of C , O, and P for native zein coating, while after the addition of BG in 

zein_BG, the amount of P and O was increased due to the presence of Si in the composition 

of BG [13]. 

 

The above findings evidence zein_BG composite formation as follows: The plant 

protein zein contains both hydrophobic amino acids as well as hydrophilic residues and as 

a whole zwitterionic with complex molecular structure. In detail, the zein molecule is 

composed of both negatively charged deprotonated hydroxyls, and carboxyl, as well as 

phenols and also positively charged protonated amines and amides [27]. These functional 

groups are likely to interact through physical as well as chemical interaction (Fig. 2.2 (b)) 

with negatively charged BG particles and result in zein_BG composite formation. 
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Fig. 2.3: (a & b)  SEM micrographs at 500X magnification and 20.0 kV accelerating 

voltage, (c & d) Cross – sectional view and (e & f) EDS anlysis on  zein  and   zein _ BG 

coated Mg alloy substrates; respecively. 

(e) 

(f) 
 

(e) 
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2.3.2.  Surface Wettability and Roughness   

Surface wettability and roughness determine the performance of coated substrate by 

enhancing the reactivity between the coating and the host tissue. The value of the contact 

angle determines the hydrophilicity or hydrophobicity of the surface. Surfaces with > 90 

contact angle are hydrophobic, whereas surfaces with < 90 are hydrophilic [28–30] .Fig. 

2.4(a) reports water contact angle data of uncoated and coated ( zein and zein_BG) Mg alloy 

surfaces. The contact angle of the native Mg alloy substrate was 70.6  3.7, which 

indicates the hydrophobic nature of the alloy surface. After zein coating, the water contact 

angle of the Mg alloy surface reduces to 31.7  2.7. The reported reduction in the value 

of contact angle 70.6  3.7 (uncoated) to 31.7  2.7 (zein coated) indicates the 

interaction between the hydrophobic part of amphiphilic zein protein (amino acids such as; 

proline, leucine, isoleucine, alanine) with hydrophobic alloy surface. As a result, the 

hydrophilic (glutamine) portion of the protein is exposed on the zein-coated alloy surface 

and reduces the value of contact angle (31.7  2.7) compared to uncoated alloy surface 

(70.6  3.7) [31]. Interestingly, zein_BG coating on the Mg alloy surface  (30.3  2.3) 

was reported with the water contact value, which is very similar to that of zein coated 

substrate surface (31.7  2.7). The observation indicates that hydrophilic silanol (Si-OH) 

groups of BG particles interact with hydrophilic zein molecules and retain the overall 

wettability more or less the same. As a result, the hydrophilic zein_BG coating on the Mg 

alloy surface makes the substrate a suitable implant material for excellent performance.        

   The surface roughness of uncoated and coated (zein and zein_BG) Mg alloy surfaces 

are portrayed In Fig.2. 4 (b). The Mg alloy substrates coated with zein (Ra = 1.2 m  0.02 

m) and zein_ BG (Ra = 1.4 m  0.06 m) significantly displayed more surface roughness 

compared to the bare substrate (Ra = 0.1 m  0.005 m). Interestingly, maximum surface 

roughness was reported for zein_BG coated substrate, which is in line with the required 

surface roughness for attachment and growth of osteoblast-like cells and bone marrow-

derived ST-2 cells[14]. 
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Fig. 2.4: (a) Water contact angle  measurements and (b) surface roughness  of uncoated 

and coated ( zein and zein_ BG) Mg alloy substrates. 

 

           2.3.3. Adhesion Test 

Mechanical integrity and long-term durability of coating materials are highly 

influenced by how well the coating adheres to the substrate [32,33]. To evaluate the 

adherence of zein and zein_BG coatings, a tape adhesion test was performed on coated Mg 

alloy substrate and inspected under an optical microscope after removing the tape as per 

ASTM (D 3359 – B) (Fig. 2.5 (a and b)). Zein-coated substrate (Fig. 2.5(a)) was observed 

to lose the integrity of coating at the edge and on the surface of a few squares.  The affected 

surface area was reported in the range of 15 % – 35 % for zein coating. In the case of zein 

_ BG coating (Fig. 2.5(b)), only a small portion of the coating was delaminated at the 

intersection of squares, which is less than 5%. 

 

 

 

(a) (b) 
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Fig. 2.5: Microscopic images of adhesion test results on (a) Zein coated and (b) Zein_ 

BG coated Mg alloy surfaces. 

 

2.3.4. Corrosion Behavior Evaluation 

The findings of weight loss tests on the uncoated and coated substrates were 

compiled in (Table 2.2) after 3, 7, and 10 d of submergence in HBSS at 37 ℃. In general, 

the weight loss of the Mg substrate increased with the immersion time in HBSS. The 

uncoated Mg showed the highest incidence of corrosion by reporting the highest weight loss 

(60.1 mg  0.94 mg) after 10 d of interaction with HBSS. Since the bare Mg alloy surface 

was highly susceptible to fluid and air, the highest weight loss was reported after HBSS 

treatment on the polished specimen surface. Zein and zein_BG coated Mg alloy surfaces 

showed resistance to fluid, as well as air penetrating through the surface and resulted in 15.7 

mg  0.25 mg and 8.0 mg  0.12 mg weight loss respectively after 10 d treatment with 

HBSS. The zein_BG coated substrate indicated the maximum protection efficacy (95.99 %) 

after 3 d immersion with HBSS and demonstrated the efficiency of zein_BG coating on the 

substrate.  

 

The electrochemical polarization curves of uncoated Mg alloy, zein, and zein_BG 

coated Mg alloy substrates are shown in (Fig. 2.6). The corrosion potential (Ecorr) of the 

uncoated Mg alloy substrate was observed as -1.62 VSCE and was increased to -1.302 VSCE 

after zein coating.  Interestingly, for zein_BG coated alloy substrate, the highest Ecorr was 

reported  (-1.240 VSCE) among uncoated and zein-coated substrates. The reported Ecorr 

values of uncoated and coated substrates indicate that the BG nanoparticles in zein_BG  
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composite could resist the penetration of ions from HBSS due to their bioactive nature [34]. 

Electrochemical parameters of uncoated, zein and zein_BG coated Mg alloy substrates in 

HBSS are listed in (Table 2.3). The value of the corrosion current density (Icorr) for zein 

coating was reported as 6.28 E-6 A.cm-2, whereas for zein_BG coating Icorr = 2.41 E-6 A.cm-

2. The observed lower Icorr value for zein_BG coating compared to the zein coating on the 

alloy substrate is attributed to its higher thickness and uniformity as reported by SEM 

analysis (Fig. 2.3). 

 

The observed fluctuations in the anodic polarization curves (Fig. 2.6) of the zein and 

zein_BG-coated Mg alloy substrates are due to the evolution of hydrogen gas at the cathode, 

which ruptures the coating and leaves the substrate surface. A corresponding increase in Rp 

values of coated Mg alloy substrates (zein coating, 1.56 E+3 Ω.cm2 and zein_BG coating 

2.05 E+3 Ω.cm2) was observed compared to uncoated substrate (1.15 E+2 Ω.cm2) (Table 2.3). 

The reported huge increase in Rp values for zein and zein_BG coated substrates  indicate the 

thicker and uniform coverage of the coating material on the alloy surface [35]. 

Interestingly, the corrosion rate of zein_BG (0.86 mm/year), and zein coated (1.85 

mm/year) substrates are significantly lower compared to the uncoated Mg alloy (6.95 

mm/year). The use of BG particles in coating the implant materials are well known to reduce 

their corrosion rate due to the bioactivity [27]. 

 

Table 2.2: The weight loss data of uncoated and coated (zein and zein_BG) Mg alloy 

substrates after immersion with HBSS for 3, 7 and 10 d at 37 ℃.  

S.N. Type Days Δw (mg) 
CR 

(mg/cm2.d) 
PE % Θ 

1 Un 

coated 

Mg 

alloy  

3 5.8464 0.3045 - - 

2 7 32.3097 0.7212 - - 

3 10 60.1024 0.9391 - - 

4  

Zein  

3 0.6393 0.0333 89.0640 0.8906 

5 7 4.3722 0.0989 86.2839 0.8628 

6 10 15.7184 0.2456 73.8473 0.7384 

7  

Zein _ 

BG 

3 0.2342 0.0122 95.9934 0.9599 

8 7 3.0464 0.0680 90.5712 0.9057 

9 10 7.9552 0.1243 86.7639 0.8676 
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Table 2.3: Electrochemical parameters of uncoated and coated (zein and zein_BG) Mg 

alloy substrates in HBSS for 10 d at 37 ℃ obtained from linear polarization test. 

Type 
Ecorr 

(V/SCE) 

Icorr 

(A.cm
-2) 

βa 

(V.dec
-1) 

βc 

(V.dec
-1) 

Rp 

(Ω.cm
2) 

CR 

(mm/years) 

Un coated 

Mg alloy 
-1.62 3.04×10-4 0.19 0.16 1.15×102 6.96 

Zein coated -1.30 6.28×10-6 0.49 0.19 1.56×103 1.85 

Zein_BG coated -1.24 2.41×10-6 0.12 0.11 2.05×103 0.86 

 

 

 

 

 

 

 

 

 

 

Fig.2.6: Potentiodynamic polarization curves of uncoated and coated ( zein and zein_BG) 

Mg alloy substrates immersed in HBSS for 10 d at 37 ℃. 

 

The corrosion-resistant performance of the uncoated, zein-coated and zein_BG-

coated Mg alloy substrates can be further analyzed by EIS. The EIS spectra of the uncoated 

and coated substrates after 10 d of interaction in HBSS at 37 ᴼC are shown in Fig. 2.7(a, b, 

and c). The EIS spectrum of the uncoated substrate portrayed a single small semicircle, 

whereas, zein coated Mg surface resulted in merged two semicircles with larger diameters. 

Interestingly, the EIS spectrum of the zein _BG coated substrate reveals merged two 

semicircles into the largest semicircle compared to zein-coated and uncoated surfaces. This 

observation revealed an increase in impedance and indicated the high corrosion resistance 

behavior of zein_BG coated substrate [36,37]. To obtain detailed information on the 

degradation processes at interfaces of the (uncoated and coated) substrates and HBSS  
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solution, the EIS data were also fitted using equivalent circuits Fig. 2.7 (d, e, and f). In this 

model, Rs corresponds to solution resistance between the reference electrode and working 

electrode and R1, R2, and R3 are resistance due to surface deposits such as 

oxides/hydroxides, zein/zein_BG coating, and defects through the film respectively. C1 

represents the capacitance due to components of the zein/zein_BG coating (protective 

corrosion layer), and C2 is the capacitance associated with the corroded coating after 

immersing with HBSS. 

 

  A constant phase element (CPE) in contrast to pure capacitive is used, defined by 

admittance (Y0) and power index number (n), and can be calculated by following the 

formula [33]: 

  YCPE (ω) = 
1

ZCPE
  = Y0 (jω)n                                                                                                     (2.4) 

where; ZCPE, represents the impedance of the constant phase element. 

j: imaginary  unit    and (ω) angular velocity (rad/sec) 

 

Calculation of polarization resistance (Rp) values was estimated to evaluate the corrosion 

resistance of the systems under this study using Rp (Rp = Rs + R2 + R3)[38]. According to 

the proposed equivalent circuit model, EIS spectra were best fitted and obtained values of 

equivalent circuit parameters are listed in Table (2.4). Interestingly, it can be observed that 

n1 for zein_BG is 1.0, indicating a capacitive behavior but for uncoated Mg alloy, decreased 

to 0.14, which showed a diffusion process.  These findings are consistent with the corrosion 

behavior of zein/45S5 BG-coated Mg substrate in SBF [39].  
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Table 2.4: Corrosion parameters obtained from the Nyquist fitted impedance data on uncoated and coated (zein and zein_BG)  Mg alloy substrates. 

Sample 
Rs 

(Ω.cm2) 

R1 

(Ω.cm2) 

R2 

(Ω.cm2) 

R3 

(Ω cm2) 

CPE1 

(Ω-1. Sn cm 
-2) 

n1 

C1 

(Ω-1. Sn cm 
-2) 

CPE2 

(Ω-1. Sn 

cm -2) 

n2 

C2 

(Ω-1. Sn 

cm -2) 

CPE3 

(Ω-1. Sn 

cm -2) 

C3 

(Ω-1. Sn 

cm -2) 

n3 

 

Un coated 

Mg alloy 

 

 

 

1.00×10-6 

 

 

1.00×10-6 

 

 

- 

 

 

- 

 

 

2.40×10-7 

 

 

0.1 

 

 

1.21×10-10 

 

 

4.70×10-4 

 

 

0.99 

 

 

4.51×10-4 

 

 

2.68×10-9 

 

 

- 

 

 

0.83 

 

Zein 

coated 

 

 

1.35×10—3 

 

5.40×10-26 

 

24988 

 

- 

 

5.00×10-9 

 

0.58 

 

8.19×10-13 

 

1.90×10-7 

 

0.11 

 

1.18×10-10 

 

3.34×10-10 

 

- 

 

0.84 

Zein _BG 

coated 
4.18×10—1 4.10×10-4 9.68×10-13 4.31×10-13 1.10×10-12 1.0 5.00×10-4 1.30×10-9 0.8 8.50×10-11 6.97×10-9 1.20×10-10 0.91 
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Fig. 2.7: (a) Nyquist plots of (a) uncoated , (b) zein and (c) zein_BG coated Mg alloy 

substrates after 10 d immersion in HBSS at 37 ℃, and (d-f) the corresponding fitted 

equivalent electrical circuits for the impedance data. 

 

 

 

(a) 

(a) 

(b) 

(c) 
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2.3.5. Analysis of Degradation Behavior  

The volume of hydrogen gas released from uncoated and coated Mg alloy substrates 

immersed in HBSS is reported in Fig. 2.8 (a) as a function of time. The lowest amount of 

released hydrogen from the Mg alloy substrate due to the reaction with HBSS [40] exhibits 

the lowest corrosion rate. As observed in Fig. 2.8 (a), the zein and zein_BG coated 

substrates released the minimum volume of hydrogen gas, whereas the maximum volume 

of hydrogen gas was released by the uncoated Mg alloy and in good agreement with 

electrochemical measurements (Section 2.3.4).  

The volume of released hydrogen gas from 24 h to 240 h of immersion in HBSS 

increases from 9.5 ml.cm-2 to 73.4 ml.cm-2  for uncoated Mg alloy, from 6.5 ml.cm-2 to 48.7 

ml.cm-2 for zein coated substrate and from 3.5 ml.cm-2 to 37.7 ml.cm-2 for zein_BG coated 

substrate. After 72 h of immersion in HBSS, the hydrogen evolution was faster for all 

substrates. Among all substrates, zein_BG coated Mg alloy showed the lowest evolution of 

hydrogen due to the formation of thicker protective oxide layer on its surface after a longer 

time ( 72 h) exposure to HBSS [41]. 

The elemental and chemical state of the zein_BG coated Mg substrate surface 

was analyzed before and after immersion in HBSS for 10 d at 37 ℃ using XPS (Fig. 2.8 

(b)). The XPS survey scan on zein_BG coated Mg alloy substrate indicated that  the 

existence of  Mg1s (1303.39 eV),  O1s (531.54 eV), C1s (284.97 eV),Ca2p (346.73 eV), 

P2p (133.11 eV) and Si2p (101.73 eV) before immersion in HBSS. The XPS peaks 

demonstrated the successful coating of zein_BG composite on the alloy substrate and in 

good agreement with the findings of FTIR, XRD, TGA and SEM (Figs. 2.2 and 2.3 ). After 

immersion in HBSS for 10 d, peaks corresponding to similar elements  were also reported 

for the substrate as seen in the case of before immersion in HBSS. On the other hand, the 

XPS peaks of the substrate after interaction with HBSS were shifted to lower binding energy 

values for Mg1s (1303.33 eV),  O1s (531.52 eV) and C1s (284.46 eV) compared to the 

control. In comparison with the control, XPS peaks corresponding to Ca2p (347.23 eV), 

P2p (133.21 eV) and Si2p (101.89 eV)) of the substrate after interaction with HBSS were 

emerged at higher binding energy values. These changes indicate the surface deposition of 

corrosion products of the Mg alloy substrate. In addition, bioactivity of BG contents of 

zein_BG composite on the coated alloy surface during immersion in HBSS also expected  
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to cause the observed shifts in binding energies of the reported elements. 

 

High resolution XPS spectra of Mg1s, O1s, C1s, Ca2p, P2p and Si2p are further 

collected to reveal the chemical information of the existing elements, as shown in Figs.2. 

8(c) and 2.8(d). For precise analysis, the resulted high-resolution peaks were subjected to 

Gaussian model fit using Origin Lab 2021 software and finding on the surface of Mg alloy 

substrates before and after immersion in HBSS are discussed below:  

 

Bare Mg alloy surface showed XPS peaks correspond to  Mg2+ (1303.54 eV Mg1s), 

O2− (531.33 eV O1s ), C – C (284.3 eV C1s), C= C (288.2 eV C 1s), Ca2+ (346.71 eV Ca2p), 

CaO (350.56 eV Ca2p) , P – O− (132.78 eV P2p). P-OH (133.64 eV P2p), SiO2 (101.37 eV 

Si 2P) and SiO4 (101.31 eV) before immersion in HBSS[42] .The findings confirmed the 

existence of BG nanoparticles in zein_BG composite coating. The XPS analyses of Mg 

alloy surface after 10 d of interaction with HBSS report the following findings. The 

observed Mg1s peak at 1303.41 eV corresponds to MgHPO4.H2O[43]. O1s peak showing 

maximum at 531.34 eV indicates the existence of [–OH−], [PO4
3−], and [CO3

2−]  [44]. In 

most of Mg alloys, as the most dominant surface corrosion product is Mg(OH)2 due to its 

low solubility compared to magnesium phosphate and magnesium carbonate[35]. In the C1s 

spectra, the peaks representing C1s at 284.10 eV  and 285.56 evidenced the existence of 

MgCO3 and CaCO3; respectively on the alloy surface as corrosion products[43]. 

 

In Ca2p spectra, the higher sub – peak centered at (350.64 eV) corresponds to 

Ca2p1/2, proving the presence of calcium salts. The other peak centered at (346.63 e V) is 

Ca2p3/2 peak evidencing calcium-based corrosion products. The observation corresponds 

to existence of Ca2+ ions in the form of CaHPO4.H2O and CaCO3, which are the most 

possible corrosion products on the Mg alloy surface in HBSS [43]. P2p peaks observed at 

132. 66 eV and 133.57 eV represent the existence of  Ca(PO4)2 and MgPO4[43]. Finally, the 

appearance of Si2p at 101.30 eV and 101.91 eV) evidences the existence of silicon 

containing species in the corrosion product layer such as SiO2 [43]. In summary, the 

zein_BG coated Mg alloy could contain corrosion products composed of Mg(OH)2  , 

MgHPO4.H2O, CaHPO4.H2O, SiO2  , MgCO3 and CaCO3. 
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Microscopic examination of uncoated and coated surfaces confirmed surface 

deposition of corrosion products (Fig. 2.8 (e)). The lowest surface deposition was visualized 

for uncoated substrate immersed in HBSS, which increased with an increase in contact time 

with HBSS (3 d to 10 d) as illustrated in Fig. 2.8 ((a1) – (c1)) and developed numerous 

micro-cracks throughout the surface. The zein_BG coated alloy surface was visualized with 

thicker surface deposition due to the bioactivity of BG along with the corrosion products of 

the Mg alloy substrate Fig. 2.8 ((g1) – (i1)) compared to zein coating Fig. 2.8 ((d1) – (f1)). 

The in-vitro observation is indicative of a decreased biodegradability and increased integrity 

of the zein_BG coated substrate with the host [45,46]. 

 

 

 

(a) 

(b) 
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(c) 

(d) 
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Fig. 2.8:  (a) Hydrogen evolution of uncoated and coated Mg alloys as a function of 

immersion time in HBSS  at 37 ℃  for 10 d, (b) XPS analysis on zein_BG coated Mg 

alloy substrate before and after immersion in HBSS at 37 ℃ for 10 d, (c) XPS with the 

high resolution scan region representing Mg1s, O1s, C1s, Ca2p, P2p and Si2p for 

zein_BG (d) XPS with the high resolution scan region representing Mg1s, O1s, C1s, 

Ca2p, P2p and Si2p for zein_BG in HBSS (e) Microscopic images at 1000X 

magnification of (a1-c1) uncoated (d1 – f1) zein coated and (g1 – i1) zein_BG coated Mg 

alloy substrates after 3, 7 and 10 d of immersion in HBSS; respectively. 

2.4. Conclusions  

In this study, bio-inspired approach was employed to synthesize nano-sized BG with 

CTAB as template. The resulting BG Nano powder was utilized to make zein_BG 

composite coating on AZ31B Mg alloy substrate by the dip coating technique. FTIR spectra 

reported the existence of physical as well as chemical bonding between zein and BG in 

composite coating. SEM morphology of zein_BG coated alloy surface showed compact and 

rough microstructure.  The coating adhered strongly to the surface of substrate and was  

(e) 
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bioactive upon immersion in HBSS. The zein_BG coating demonstrated a suitable water 

contact angle of 30.36ᴼ appropriate for protein attachment. Composite coating presented an 

appropriate roughness value preferred for cell attachment and proliferation. Interestingly, 

the excellent corrosion-resistant performance of coating material was demonstrated by EIS.  

Additionally, in zein_BG coated alloy substrates, the highest corrosion potential was 

reported for uncoated and zein-coated substrates. The observation indicates that BG 

nanoparticles in the zein_BG composite could resist the penetration of ions from HBSS due 

to their bioactive nature. These findings revealed that zein_BG composite coating on the 

Mg alloy substrate could eliminate dissolution of toxic metallic ions from the substrate in 

physiological environments. As a result, zein_BG coatings developed via the dip coating 

technique showed favorable mechanical, biological, and surface characteristics for 

biomedical purposes and is a potential candidate for in–vivo investigations. 
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Chapter Three 

Multifunctional Poly(Allylamine Hydrochloride) / Bioactive Glass Layer 

by Layer surface coating on Magnesium Alloy for biomedical 

applications       
3.1. Introduction: 

At present, magnesium (Mg) and its alloys are widely regarded as highly appealing 

materials for the production of orthopedic implants. These Mg-based substrates have 

properties similar to natural bone in terms of load bearing and elastic modulus [1,2]. 

Compared to titanium and stainless steel, Mg-based substrates can effectively prevent the 

need for a second surgery[2]. However, the rate of degradation of Mg-based implants in 

body fluids is too high to maintain mechanical integrity [3]. One effective way to protect 

these Mg based implants from deterioration is through surface coating technology. 

Interestingly, surface coatings not only reduce the erosion rate of Mg composites, but also 

enhance their biocompatibility by increasing their antibacterial characteristics [4,5]. So far, 

a complex coating strategy known as layer-by-layer (LbL) assembly has been utilized for 

fundamentally upgrading the application of Mg composites. LbL assembly is a simple 

aqueous-based assembling process of various molecules. LbL assembly mostly depends on 

electrostatic interactions between oppositely charged molecules/particles, making it suitable 

for depositing sensitive biological molecules on a variety of material surfaces [6–8]. The 

LbL surface coatings on the implants could also be used for antimicrobial properties, self-

healing capabilities, and controlled delivery of various therapeutic targets such as small 

molecules, supramolecular, biomolecules and nanoparticles [6,9,10]. 

 

The current state of the art of LbL coating on Mg alloy substrates is  discussed as 

follows: Fan et al. [11]  coated a multilayer comprising a cerium-based conversion layer, a 

graphene oxide layer, and a branched poly(ethylene imine) (PEI)/poly(acrylic acid) (PAA) 

on the Mg alloy (AZ31). The incorporated graphene oxide acted as a corrosion inhibitor, 

while the PEI/PAA multilayers provided self-healing ability to LbL coating system. 

Biodegradable multilayers containing nano-hydroxyapatite particles (nHA) and 

poly(lactide) nanofibers were coated on  the Mg alloy (AM50) surface using a facile single-

step air jet spinning approach. The adhesion strength of  the LbL coating was greatly 

improved by the nHA particles and the biodegradation rate of the substrate in Hank's 

balanced salt solution (HBSS) decreased [12]. 
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LbL-assembled layers of anionic and cationic synthetic polymers were used to improve 

corrosion resistance, cytocompatibility, cellular adhesion, and proliferation on 

biodegradable Mg alloy [13]. Multilayered polyethyleneimine (PEI)/(polyglycolic acid 

(PGA)/chitosan (CHI))5 film on the Mg alloy surface exhibited enhanced antibacterial 

capability [14]. A dip-coated SiO2/ (polyvinylpyrrolidone (PVP)/PAA)5 soft multilayer on 

AZ31 Mg alloy was developed as a Mg-based cardiovascular stent with enhanced corrosion 

resistance [15]. A ((PVP)/(DNA))n (n= 5, 10, 20 and 40) multilayer film over Mg alloy 

(AZ31) showed  enhanced corrosion resistance, and increased calcium phosphate 

deposition, creating a biomimetic and biocompatible coating [16].  A superhydrophobic 

zeolitic imidazolate framework-8 (ZIF-8)/polyvinylidene fluoride (PVDF)/ layered double 

hydroxide (LDH) coating on Mg alloys, achieved through electrodeposition and dip-coating 

methods, displayed enhanced anticorrosion properties. The underlying LDH transition layer 

hindered the passage of corrosive ions, while the top superhydrophobic ZIF-8-based coating 

reduced the contact area with the corrosive solution [17]. A PVP/ PAA multilayer coating 

design on the Mg alloy surface improved the homogeneity and binding force of calcium 

phosphate deposition, providing appropriate corrosion protection [18]. Silver nanoparticles 

and polymethyltrimethoxysilane were introduced on the Mg alloy (AZ31)  surface through 

LbL assembly and siloxane self-condensation reaction. The resulting composite film 

exhibited smooth and uniform morphologies, enhancing the corrosion resistance of the 

substrate through physical barrier and self-healing functionality of polysiloxane [19].   

 

The novelty of the current study resides in the inaugural utilization of therapeutic-

loaded bioactive glass (BG) nanoparticles in the process of LbL dip-coating on a magnesium 

(Mg) substrate. Additionally, biocompatible and biodegradable polymers such as soy 

protein hydrolysate (SPH) and poly-(allylamine hydrochloride) (PAH) are also used in the 

LbL coating. The engineered multilayer coating will provide multiple functionalities for the 

Mg substrate, apart from simple anticorrosion behavior. BG particles are highly 

biocompatible, and have a higher likelihood of integrating with both hard and soft human 

tissues [20]. The integration of BG with living tissue makes it the best option for enhancing 

bioactivity and biocompatibility of metal implants [21,22]. 



 

DTU: 2024                                                                                                               Page | 49  
 

Chapter 3: Multifunctional Poly(Allylamine Hydrochloride) / Bioactive 

Glass Layer by Layer surface coating on Magnesium Alloy for 

biomedical applications       
 

The connection between bone and BG coatings becomes stronger and is comparable to that 

of bone within 3 to 6 months of implantation. Interestingly, BG coating on metal implants 

can regulate or inhibit their deterioration in biological environments[20]. For example, 

electrophoretic deposition of a more adhesive polyvinyl alcohol/natural chitosan/BG 

composite coating on the surface of 316L stainless steel increased the corrosion resistance 

of the substrate [23]. A similar composite coating was also reported to improve the 

biomedical properties of the substrate when applied through electrophoretic deposition on 

AZ91D Mg alloy [24].The possibility of varying the BG chemical composition by adding 

secondary elements makes the coatings highly attractive for tunable bioactivity. Although 

the higher dissolution rate of BG promotes bone growth through the formation of hydroxy 

apatite (HA), the manufacturing of BG coatings over complicated 3D structures remains 

complicated. The microstructure, thickness, surface roughness, porosity, and stability 

directly affect the performance of BG coatings on implants [25].  

In this study, the aim was to synthesize a new class of BG nanoparticles by 

incorporating folic acid (FA) molecules into the BG network through a bio-inspired route. 

The BG nanoparticles were characterized using FTIR, XRD, TGA, and TEM.  The bio-

inspired route for BG synthesis is a novel approach developed by Santhiya et al, which 

involves the use of various organic and inorganic templates[26]. This method allows for the 

synthesis of BG under atmospheric conditions, resulting in  exceptional textural properties 

and good biocompatibility, making it suitable  for tissue engineering applications [27]. The 

layout folic acid, otherwise called folate or nutrient B9, is a fundamental supplement that 

assumes a pivotal role in the synthesis  of DNA, RNA, and proteins, as well as development 

of platelets and  cell division [28]. Importantly, folic acid is also used for cancer prevention 

[29].  

To modify the surface properties of the alkaline treated Mg alloy substrate 

(AZ31Mg) (AMgS), it was initially coated with soy protein hydrolysate (SPH). This not 

only changed the positive surface charge of the substrate to negative but also provided a 

smooth surface coverage. SPH is widely used in in food, nutrition, and health care products 

[30]. The important biomedical benefits of SPH include anti-inflammatory, antioxidant, 
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hypocholesterolemia, immunomodulatory, and reduced risk of cancer [30]. The SPH coated 

Mg alloy substrate was further subjected to multilayer Poly (allylamine hydrochloride) 

(PAH)/BG)n coatings. Among the various polymers of both natural and synthetic origin, 

PAH is FDA-approved and frequently employed for surface coating due to  its adhesiveness 

[31]. The degradation products of PAH are metabolically digestible and highly 

biocompatible. Additionally, the polymer allows for tailorable in-vivo degradation rates and 

hence can be used for drug delivery [31]. Therefore, the multilayer coating of PAH onto the 

Mg-related alloys, along with adsorption of BG nanoparticles,  can provide better corrosion 

protection and biocompatibility [32]. To combine the benefits  of PAH and BG, a novel 

approach was carried out by LbL dip coating of PAH and BG onto the SPH covered Mg 

alloy surface. The SPH/(PAH/BG)n (n= 5 and 7) coated Mg alloy substrates 

SPH/(PAH/BG)n/AMgS were then analyzed for corrosion properties, mechanical 

properties, wettability, adhesion strength,  and surface roughness . The degradation 

properties of SPH/(PAH/BG)n/AMgS were also tested for hydrogen evolution in HBSS 

solution and subjected to FTIR, XRD and X-ray photoelectron spectrometer (XPS) analyses 

with appropriate control samples. The SPH/(PAH/BG)n/AMgS samples were finally 

subjected to a hemolysis assay to test their biocompatibility.   

 

3.2. Experimentation 

3.2.1. Materials and Methodology 

The substrate used for the study was an extruded AZ31 Mg alloy (Al 2.4, Zn 0.5, 

Mn 0.05,    balance Mg (w/w %)). The Mg substrate was supplied by Parshwamani Metals 

Co., Ltd, India. Soy protein hydrolysate (SPH) (Mw = 670,000) (C.N. S S1674) and PAH 

(Mw = 58000) (C.N. 71550-12-4)  were purchased from Sigma – Aldrich. The synthesis of 

BG was done using precursors, namely, tetraethyl orthosilicate (TEOS) (C.N. 86578), 

triethyl phosphate (TEP) (C.N 821141), sodium acetate (NaAC) (C.N. S2889), calcium 

acetate (CaAC) (C.N. 1086334) and template folic acid (Mw = 441.40) (C.N. F7876) 

obtained from Sigma –Aldrich. Hanks, balanced salt solution (HBSS) (C.N. H9394), which 

is otherwise called simulated body fluid (SBF) was purchased from a standard chemical 

company, Sigma-Aldrich, USA. 
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The other chemical formulations used in the study were of high purity AR grade. Milli-Q 

water was used in the experiment. Analysis of Variance (ANOVA) from Origin Lab 2023 

was used to forecast errors for each experiment, which was carried out in triplicates.  

 

3.2.2. Alkaline Treatment 

Mg substrates were cut into rectangles of size 20 mm × 10 mm ×4 mm and sanded 

with silicon carbide paper with 2000 grid. The polished substrates were washed with an 

alcohol solution and deionized water; respectively. The substrates were then gently cleaned 

with distilled water and dried using warm air, followed by immersion in a1M NaOH 

solution at 60 ℃ for 20 minutes. 

 

3.2.3. Synthesis of Bioactive Glass 

An aqueous solution of 10 mM tris (hydroxymethyl) aminomethane (TRIZMA) 

buffer, pH 8, was prepared by mixing TRIZMA HCl (61.4 mg/mL) and TRIZMA base (74 

mg/mL) in Milli-Q water. Folic acid stock solution (1 mg/mL) was prepared using 100 mL 

of 10 mM TRIZMA buffer. The BG precursors were added one by one (order of addition: 

9.29 g of TEOS, 1.0 g of TEP, 6.36 g of NaAC, 4.21 g of CaAC)  slowly and gradually in 

to 100 mL TRIZMA buffer containing folic acid with 30 min interval for each precursor at 

37 ℃.  The mixture was left for 24 h in continuous stirring to obtain BG precipitate. It was 

then centrifuged, washed with 70 % v/v  ethanol, dried for three days at 40 ℃ in an oven, 

and preserved in a desiccator. 

 

3.2.4. Surface Coating 

The surface coating process carried out on AMgS is demonstrated in Scheme (1). 

LBL coatings were formed via a dip coating technique. Layers SPH/(PAH/BG)n were 

produced in the following sequence: “ABCBCBCBCBCBCBC”. Negatively charged 

solutions A and C were 20 g L-1 SPH solution at pH 7.10 and 10 g L-1 BG  at pH 7.34 in 

distilled water; respectively. Solution B was a cationic aqueous 20 g L-1 PAH solution at pH 

6.20 in distilled water. The substrate was immersed  in solution A for a period of 30 mins, 

followed by B and C solutions for each 10 mins, n =5 and 7 cycles were performed to attain 

SPH/(PAH/BG)n  coating on  AMgS. 
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Scheme. 1: Schematic representation of the preparation of SPH/(PAH/BG)7  coating on 

AMgS. 

 

3.2.5. Characterization 

3.2.5.1. Morphological Analysis 

Transmission electron microscopy (CM200 - FEG - Philips) was used to record the 

morphology of BG nanoparticles at the required magnification. The average BG particle 

size   was estimated using the ImageJ program included with 64-bit Java 1.8.0_172. 

SPH/(PAH/BG)n/AMgS was exposed to field emission scanning electron microscopy (FE-

SEM, Nova Nano SEM 450, USA) at 500 X, 2.5 KX, 50 KX and 150 KX magnifications 

and an accelerating voltage of 20.0 kV to record the morphology of the surface coating. The 

uncoated, alkaline treated and after each layer of SPH/(PAH/BG)n coating (Section 3.2.4), 

Mg alloy samples were visualized through optical microscopy at a magnification of 1000 

X. Similarly, coated Mg alloy surfaces were also examined using optical microscopy after 

immersion in HBSS. 
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3.2.5.2. Energy Dispersive Spectroscopy (EDS) 

Energy dispersive spectroscopy with the X Flash 6|60 detector component of the 

Quanta 650 (FEI) was used to estimate the chemical constituents of SPH/(PAH/BG)n 

coatings on AMgS. 

3.2.5.3. Fourier Transform Infrared Spectroscopy: 

 FTIR spectra of native FA, BG, as well as SPH/(PAH/BG)n/AMgS, were recorded 

using a NICOLET 380 FTIR spectroscopy with a resolution of 1 cm-1. The FTIR 

spectroscopy was used to record spectra in the range of  in 4000 cm-1 to 400 cm-1. 

3.2.5.4. Thermogravimetric Analysis (TGA): 

The thermal stability of native FA and BG was investigated using a 

thermogravimetric analyzer (SDT, Q600, TA instrument). The samples were warmed from 

room temperature to 800 ℃ at warming temperature  of 5 ℃/min beneath nitrogen 

surroundings, preserving a nitrogen circulation pace of 50 mL/min. 

 

3.2.5.5. X-ray Diffraction (XRD) Analysis: 

Native BG as well as SPH/ (PAH/BG)n/AMgS, were subjected to XRD analyses 

using a BRUKER D4 X-ray diffractometer. The instrument operated at 30 kV, 15 mA with 

Cu- Kα radiation. For the investigation, a 2θ range of 10°- 80° with a 0.01 step size and 6s 

per step count time was maintained.  

3.2.5.6. Measurement of Contact Angle  

  Water drops contact angle (20 µL of deionized water) on the uncoated MgS, AMgS, 

SPH/AMgS and SPH/(PAH/BG)n / AMgS was measured using a DSA25 drop shape 

analyser, Kruss Scientific, India. For the measurement, a sessile drop was photographed at 

points of junction between the drop contour and surface projection (baseline). 
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3.2.5.7. Surface Roughness Test 

The surface roughness of uncoated MgS, AMgS, SPH/AMgS and SPH/(PAH/BG)n  

/ AMgS was tested using a TR-100 (Testlab) surface roughness tester following ASTM 

(D3359-B) protocol. For the adhesion test; a perpendicular lattice pattern showing 12 cuts 

in every path was formed on the alloy sample surface. A prescribed pressure-sensitive tape 

was overlaid over the substrate surface, followed by its elimination. The film adhesion was 

then evaluated by comparison with a 0 to 5 scale standard descriptions. 

3.2.5.8. X-ray Photoelectron Spectrometer (XPS) 

The elemental composition of SPH/(PAH/BG)7 coatings on AMgS was investigated 

by XPS before and after immersion with HBSS for 10 d at 37 ℃. The analyses were 

performed using the VGESCALAB II system with AlKα radiation of energy1486.6 eV. 

Binding energies were estimated with reference to the C1s line at 285.0 eV. 

3.2.5.9. Corrosion Characterization  

The corrosion behavior of the uncoated and SPH/(PAH/BG)n/AMgS was assessed 

by the weight loss method. The experiments were conducted after immersing in HBSS at 

pH 7.4 for 3, 7 and 10 d at 37 ℃ ;  respectively. The clean alloy samples were weighed 

before and after immersing in HBSS as per ASTM G61 – 86 protocols. The corrosion rate 

(CR) and protection efficiency (PE %) of the alloy samples were calculated by using EQs. 

(1) and (2) as given below [33] : 

CR (mg/𝑐𝑚2. d)  =  
(w2−w1)

A t
                                                                                                        (3.1) 

 PE % =  
(𝐶𝑅 𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑−𝐶𝑅 𝑐𝑜𝑎𝑡𝑒𝑑)  

𝐶𝑅 𝑢𝑛𝑐𝑜𝑎𝑡𝑒𝑑
× 100                                                                                      (3.2) 

Where w1 and w2 are the weight of samples before and after immersion respectively. 

A is the area of the sample (cm2) and t is the time (h). 

A three-electrode cell set-up was used in an electrochemical analyzer (PAR Model 

2273, Princeton, USA) to obtain a potentiodynamic polarization curve and electrochemical 

impedance spectra (EIS) in HBSS. The coated and uncoated substrates with an exposed area 

of 1.0 cm2 were working electrodes, a saturated calomel electrode (SEC), and a platinum  
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sheet were used as control and counter electrodes respectively. The polarization was applied 

from -2.0 V to -1.0 V at a scan rate of 1 mV/s. The corrosion potential (Ecorr, V), corrosion 

current density (Icorr, A/cm2), and Tafel slopes (βa & βc) (V dec-1) data were fitted using the 

Tafel extrapolation method. EIS was recorded at open circuit potential at a 10-mV 

sinusoidal amplitude over a frequency range of 100 kHz to 0.01 Hz. The obtained EIS 

Nyquist plots were analyzed using ZSimp Win software (version 3.1 USA) and were best 

fitted to the appropriate equivalent circuit model. A stable open circuit was established 

within 1 h  before the EIS testing [15].  The polarization resistance (Rp,V) and corrosion 

protection efficiency (% IE) were calculated using Eq.(3) [34]: 

Rp = 
𝛽𝑎𝛽𝑐

2.303 Icorr  𝛽𝑎𝛽𝑐
                                                                                                           (3.3) 

Where, βa and βc demonstrate anodic and cathodic slopes (V dec-1). 

 

3.2.5.10. Hydrogen Evolution Test 

The uncoated and SPH/(PAH/BG)n/AMgS in HBSS at 37 °C were placed in an 

inverted funnel linked to a graduated burette for hydrogen evolution. The water level in the 

burette was recorded occasionally for 240 hours by full surface exposure. The substrates 

were arranged to evaluate the evolution of modest hydrogen from samples [35]. 

 

3.2.5.11. In-Vitro Hemocompatibility Test  

To evaluate the blood compatibility of native Mg alloy, AMgS, 

SPH/(PAH/BG)5/AMgS, and SPH/(PAH/BG)7/AMgS, a hemolysis test was conducted 

according to ISO 10993-4:2002 standards[36]. Healthy blood was obtained from adult 

volunteers and collected in heparinized tubes. 

 

Preparation of phosphate buffered saline (PBS): Samples with dimensions of 20 

mm×10 mm×4 mm, according to ISO 10993-4:2002 standards, were dipped in a centrifuge 

tube containing 10 mL of PBS. The sample surface area to PBS volume ratio was 3:1 cm2 

mL-1. All the centrifuge tubes were maintained in a shaking bath at 37℃  for half an hour. 

Then, 0.2 mL of diluted blood (2 mL whole blood diluted by 2.5 mL of PBS) was added to 

the tubes, and the mixtures were incubated for one hour at 37℃ . 10 mL of PBS was used  
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as a negative control, and 10 mL of distilled water was used as a positive control. The tubes 

were centrifuged for 15 min at 15000 rpm, and the supernatant was removed and transferred 

to cuvettes for spectroscopic analysis (UNIC – 7200, CHINA) at  a wavelength of 545 nm. 

 

The hemolysis ratio (HR) was calculated according to the following equation[37] : 

HR(%) = [
𝐷𝑡𝑒𝑠𝑡 −  𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 

𝐷𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒  −  𝐷𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 
] × 100                                                                                            (3.4) 

Where, Dtest is the absorbance of the testing sample, and Dpositive  and Dnegative are the 

absorbance of the positive control (10 mL of distilled water with 0.2 mL of diluted blood) 

and the negative control (10 mL of PBS with 0.2 mL of diluted blood); respectively. 

 

3.3. Result and Discussion 

3.3.1. BG particle characterization 

Fig. 3.1 (a) provides a TEM micrograph of BG nanoparticles. The TEM results 

revealed that BG nanoparticles were more or less spherical in shape with aggregated 

morphology. The ImageJ analysis software of micrographs revealed an average particle size 

of 12.53 ±2.22 nm (Fig. 3.1(b)). 

 

The FTIR spectrum of native FA Fig. 3.2(a) showed a characteristic peak positioned 

at 1609 cm−1 because of −C=O stretching (amide I), -carboxyl vibrations of amide linkage 

(–CONH) and N−H (amide II) bending of FA (Fig. 3.2(c)) also seen at 1507 cm−1 as an 

overlap. The expected carboxyl (C—O stretching, 1564 cm—1) was not seen and must be 

overlapped in the region from 1609 cm−1 to 1507 cm−1. A sharp peak at 1415 cm−1 indicates 

the existence of the phenyl ring of FA [3]. The peaks 3542 cm–1, 3418 cm–1 and 3322 cm–1  

appeared in the wavenumber range  from 3500 cm–1 to 3000 cm–1 due to O-H and N−H 

stretchings of FA [38]. The FTIR spectrum of BG showed peaks at 1091 cm-1 (broad),, 802 

cm-1, and 474 cm-1, which attributed to asymmetric stretching, symmetric stretching and 

symmetrical bending vibrations of the Si −O−Si bond [39].  The amide I vibration of FA 

was seen as a small shoulder at 1616 cm−1 in the case of BG. A sharp peak at 1572 cm-1 is 

due to C— O stretching,which might have originated from template FA. A broad band 

centered around 3452 cm-1 due to N−H/ O-H stretching showed a shift towards higher  
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wavenumber in comparison with free FA. Interestingly, the peak corresponding to the 

phenyl ring of FA was seen at 1425 cm−1 in the FTIR spectrum of BG. The existence of the 

characteristic peak of FA in BG confirms the presence of FA as template molecules in the 

BG network. The reported higher wavenumber shift (3418 cm−1 to 3452 cm−1) of N−H / O-

H stretching, amide I (from 1609 cm−1 to 1616 cm−1) vibrations along with the phenyl ring 

(1415 cm−1 to 1425 cm−1) of template FA peaks in  the BG sample compared to native FA 

confirm the physical and chemical interaction of FA molecules with BG network through 

groups N−H, O-H, −C=O, and the phenyl ring. The results presented are in line with our 

previous findings[40].  

 

The XRD pattern of BG (Fig. 3.2(b)) was dispersive and showed a broad diffracting 

domain in the 2𝜃 range of 10ᴼ to 40ᴼ. The observation revealed an amorphous structural 

characteristic of BG [41]. 

 

The TGA for FA (Fig. 3.2(d)) showed that the initial weight loss of 2.5 w/w % at 

142 ℃ was due to  the removal of water molecules. Thereafter, 54.2 w/w % of the sample 

remained at 415 ℃ and 88.3 w/w % degraded at 616℃ [42].  For BG, the initial weight loss 

of 15 w/w % occurred at a temperature of 71 ℃ due to water absorbed. Further, the weight 

loss increased slightly from 15 w/w % to 28.4 w/w % at 346 ℃ and then increased steeply 

to 52.3 w/w % at 440 ℃. The observed BG weight loss at 440 ℃ is more or less in good 

agreement with the weight loss of native FA at 415 ℃ , indicating the loss of the remnant 

folic acid template molecules. The reported increase in temperature (25℃ ) for FA 

degradation in BG indicates the interaction of template molecules with the BG network and 

supports the FTIR finding (Fig. 2(a)). Thereafter, up to 900 ℃, around 46.9 w/w % of BG 

remained [43]. These findings evidence the existence of FA in the BG network and are in 

good agreement with our earlier reports [39]. 
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Fig. 3.1: (a) TEM micrograph of BG particles and (b) Average particle diameter of BG that 

is evaluated by ImageJ analysis software (included with 64-bit Java 1.8.0 _ 172) along with 

descriptive statistics using TEM micrograph. 
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3.3.2. Characterization of Coated Mg Alloy Surface 

3.3.2.1. Microstructure of Mg alloy subsequent to alkaline pre-treatment 

Figs. 3.3((a)-(e)) provides microscope images of the bare, alkaline-treated, and 

SPH-coated AMgS, PAH/AMgS, and BG/AMgS for one cycle at 1000 X magnification. 

The microscopic image of the bare alloy surface exhibited grinding residues, which were 

recognized through long grooves. In contrast, the microscopic image of the 1M NaOH-

treated MgS (AMgS) (Fig. 3.3(b)) portrayed a white-colored coverage instead of long 

grooves on the bare substrate. These observations might indicate the hydroxylation of the 

Mg surface due to the alkaline treatment[8]. Interestingly, the SPH coated AMgS was 

visualized as the smoothest among all substrates with uniform coverage (Fig. 3.3(c)). The 

difference in the optical visualization of various stages of coatings (Native Mg alloy, AMgS, 

SPH/AMgS, SPH/PAH/AMgS, and SPH/PAH/BG/AMgS) from Fig. 3.3(a) to Fig.3.3(e) 

confirmed surface changes on the substrate.  

 

3.3.2.2. Characterizations of SPH(PAH/BG)n /AMgS Coatings 

Fig. 3.4 shows the FESEM micrographs of SPH/(PAH/BG)5 and SPH/(PAH/BG)7 

LBL coatings on AMgS  at different magnifications (500X, 2.5KX, 50KX and 150KX) with  
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Fig. 3.2: (a) FTIR spectra (d) TGA of native FA and FA templated BG nanoparticles, (b) 

XRD pattern of FA templated BG and (c) Chemical structure of FA. 

(d) 
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an accelerating voltage of 20.0 kV. The micrographs reveal the presence of BG particles on 

the surface of the coated Mg substrate Figs. 3.4 (a - d). Figs. 3.4 (e - h) demonstrate that 

SPH/(PAH/BG)5/AMgS has a rough and uneven morphology with shallow scratches 

compared to SPH/(PAH/BG)7/AMgS. The SPH/(PAH/BG)7 coating completely covered the 

AMgS surface, unlike SPH/(PAH/BG)5. Cross-sectional images of SPH/(PAH/BG)5/AMgS 

and SPH/(PAH/BG)7/AMgS are presented in Figs. 3.4(i) and 3.4(j); respectively. The 

reported thickness of SPH/(PAH/BG)5 and SPH/(PAH/BG)7 coatings on AMgS is 28.15 ± 

0.1 µm and 31.06 ± 0.1 µm; respectively. Among these two LBL coatings, the 

SPH/(PAH/BG)7 /AMgS coating exhibits the most compact microstructure with a 

homogeneous morphology.  

Figs. 3.4 (k - n) show the EDS mapping and spectra for SPH/(PAH/BG)n/AMgS. 

EDS mapping on the SPH/(PAH/BG)n/AMgS coated alloy surface revealed the presence of 

elements such as Si, Ca, Na, P,  Mg, and O [18]. These findings suggest that BG and PAH 

are present on the coated alloy surface. Importantly, the highest coverage of Si, Ca, Na, P, 

and O elements was observed on SPH/(PAH/BG)7/AMgS compared to 

SPH/(PAH/BG)5/AMgS, while the amount of Mg decreased. These observations indicate a 

denser coverage of BG particles on AMgS with the 7-layer coating compared to the 5-layer 

coating. 

Fig. 3.3:  Optical microscopic images of (a) MgS (b) AMgS and (c) SPH/AMgS, (d) 

SPH/PAH/AMgS, and (e) SPH/PAH/BG/AMgS for one coating cycle at 1000 X 

magnification. 
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Fig. 3.4: (a), 4(b), 4(c), 4(d), 4(e), 4(f), 4(g) and 4(h) FESEM micrographs at 500 X, 2.5K X, 

50K X and 150K X magnifications; respectively, 4(i) and 4(j) cross – sectional view at 500 X 

magnification of  SPH/(PAH/BG)5 and SPH/(PAH/BG)7 ; respectively. 4(k), 4(l), 4(m) and 

4(n) represent EDS analyses and map on SPH/(PAH/BG)5/AMgS and SPH/(PAH/BG)7/AMgS; 

respectively. 

 

(m) 

(n) 
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3.3.2.3. Surface Wettability and Roughness 

Fig.3.5 (a) portrays water contact angle data on uncoated and coated Mg alloy 

surfaces. The reported water contact angle (84.02  4.2) on the bare Mg alloy substrate 

reveals its hydrophobic nature. The contact angle values of the Mg substrate decrease after 

alkaline treatment (72.63  3.63) and subsequent SPH coating (68.89  3.44). For five- 

and seven-layer coatings of SPH/(PAH/BG)n, contact angle values were 66.67ᴼ ± 5.53ᴼ and 

61.85ᴼ ± 6.21ᴼ , respectively. Interestingly, both of these contact angles are in close proximity 

to the ideal range of wettability (35ᴼ- 80ᴼ) that is suitable for the initial protein attachment 

before cell growth [44]. These observations indicate an improvement in the AMgS 

wettability after SPH/(PAH/BG)n coating. In the multilayer coating of  SPH(PAH/BG)n, 

when n = 5 or 7 the last layer ends with BG,  which has a net negative charge and is hence 

hydrophilic due to the existence of Si-O-Si and hydroxyl groups in the BG structure [45]. 

The incorporation of BG containing -OH,–CONH, C—O, and N-H groups (Fig. 2(a)) in the 

inner layers further enhances the hydrophilic nature of surface PAH layer, thus integrating 

both to form a hydrophilic nature of the multilayer coating [46].  

 

Aside from wettability, surface topography plays a significant role in defining the 

responsiveness of coated AMgS to cellular contact. Various reports have recommended that 

the surface roughness, wettability, and chemistry should be fundamentally examined to 

design a good surface for the attachment of proteins as well as the adhesion of  cells [47].  

The average surface roughness of several coatings was used to assess the surface topography 

on the Mg substrate and is displayed in Fig. 3.5(b). SPH(PAH/BG)5/AMgS and 

SPH/(PAH/BG)7/AMgS showed surface roughness values Ra = 2.33 ± 0.03 and Ra = 2.95 

± 0.04; respectively. The observed roughness values of the multilayers displayed significant 

surface roughness in contrast to the bare substrate (Ra = 0.16 ± 0.03). The mean roughness 

of the SPH/(PAH/BG)n coating was in the range that is appropriate for the attachment and 

expansion of osteoblast-like cells and bone marrow derived ST-2 cells [46]. 
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Fig. 3.5: (a) Water contact angle and (b) surface roughness measurements of MgS, AMgS, 

SPH/AMgS, SPH/(PAH/BG)5/AMgS and SPH/(PAH/BG)7/AMgS ; respectively. 

 

 

 

(a) 

(b) 
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3.3.3. Adhesion Test 

The essential qualities of coating materials are their mechanical integrity with the 

substrate and long - term durability. These properties of the coating materials depend on 

their adherence on the substrate surface.  The adherence of SPH(PAH/BG)n coatings on 

AMgS was evaluated as per ASTM (D 3359–B) [48]. A tape adhesion test was performed 

on SPH/(PAH/BG)n/AMgS and viewed under an optical microscope after removing the tape 

(Figs. 3.6(a) and (b)). SPH/(PAH/BG)5/AMgS (Fig. 3.6(a)) was observed to lose small 

flakes of coating material laterally on the edges and joints of cuts. The delaminated area was 

reported as 5 % to 15% of  the lattice. In the case of SPH/(PAH/BG)7/AMgS (Fig. 3.6(b)), 

only a small portion of the coating was lost at the intersection of squares, which was less 

than 5%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6: Microscope images of adhesion test results on (a) SPH/(PAH/BG)5/AMgS and                               

(b) SPH/(PAH/BG)7/MgS along with ASTM (D 3359 – B) reference images. 
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3.3.4. Corrosion Behaviors 

3.3.4.1. Immersion Test and Electrochemical Analysis 

Weight loss tests on uncoated and coated substrates were carried out for 3, 7, and 10 

d immersion in HBSS at 37 ℃ and the results were compiled in Table 3.1. Weight loss of 

Mg substrate before and after coating generally increased with the immersion time in HBSS. 

The uncoated Mg alloy substrate exhibited the highest incidence of corrosion, with the 

maximum weight loss of 62.0 mg ± 0.35 mg after 10 d of interaction with HBSS. The 

highest weight loss of the bare Mg alloy surface in HBSS is due to the susceptibility to fluid 

and air. In contrast,  the SPH/(PAH/BG)5/AMgS  and SPH/(PAH/BG)7/AMgS  coated Mg 

alloy surfaces showed resistance to fluid and air penetrating through the surface and resulted 

in 15.89 mg  0.3 mg and 6.24 mg  0.13 mg weight loss, respectively after 10 d treatment 

with HBSS. Interestingly, SPH/(PAH/BG)7/AMgS exhibited the highest protection 

efficiency (98.4041 %) within 3 d immersion in HBSS compared to  the 5-layer coating on 

AMgS. These findings are in line with the surface and cross-sectional FESEM micrographs 

of SPH/(PAH/BG)7/AMgS (Figs. 3.4((e), (f), (g),  (h) and (j))), which revealed a smooth 

and compact microstructure.  

 

Table 3.1: The weight loss data of uncoated and coated SPH/(PAH/BG)5 /AMgS and 

SPH/(PAH/BG)7 /AMgS  substrates after immersion with HBSS for 3, 7 and 10 d at 37 ℃.  

 

S.N Type Days Δw (mg) CR 

(mg/cm2.d) 

PE % Θ 

1 Un coated 

Mg alloy  

3 8.8464 0.5013 - - 

2 7 33.4562 0.8125 - - 

3 10 62.0023 1.0541 - - 

4  

SPH/(PAH/BG)5 

/AMgS   

3 0.5829 0.0303 93.4111 0.9341 

5 7 4.3819 0.1064 86.9046 0.8690 

6 10 15.8922 0.2701 74.3762 0.7437 

7  

SPH/(PAH/BG)7/ 

AMgS     

3 0.1411 0.0080 98.4041 0.9840 

8 7 2.4521 0.0595 92.6769 0.9267 

9 10 6.2485 0.1092 89.9250 0.8992 
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The electrochemical polarization curves of the uncoated, SPH/(PAH/BG)5/AMgS, 

and SPH/(PAH/BG)7/AMgS coated Mg alloy substrates are depicted in Fig.3.7(a) and the 

corresponding electrochemical measurements are provided in Table 3.2. The corrosion 

potential (Ecorr) of the uncoated Mg alloy substrate was reported as -1.62 VSCE, which 

increased to -1.24 VSCE after coating with SPH/(PAH/BG)5/AMgS. The  SPH/(PAH/BG)7 

/AMgS coated alloy substrate exhibited the highest Ecorr (-1.13 VSCE) among the uncoated 

and SPH/(PAH/BG)5 /AMgS coated substrates. The observed Ecorr values of uncoated and 

coated Mg alloy substrates indicate that the BG nanoparticles in the SPH/(PAH/BG)n 

composite can resist the penetration of ions from HBSS due to their bioactivity [49]. The 

corrosion current density (Icorr) for the SPH/(PAH/BG)5 /AMgS  coating was reported as 

6.81 E-6 A.cm-2, while for the SPH/(PAH/BG)7  coating, Icorr = 3.52 E-6 A.cm-2. The observed 

higher Icorr value for the SPH/(PAH/BG)7  coating compared to the SPH/(PAH/BG)5  coating 

on AMgS can be attributed to its greater thickness and uniformity as reported by FESEM 

analysis (Figs. 3.4((e), (f), (g),  (h) and (j))). 

 

The reported fluctuations in the anodic polarization curves Fig. 3.7(a) of the 

SPH/(PAH/BG)5 and SPH/(PAH/BG)7 coated AMgS occur because of hydrogen gas 

evolution at the cathode, which ruptures the coating and exposes the substrate surface [2]. 

The corresponding increase in Rp values for the SPH/(PAH/BG)5/AMgS and 

SPH/(PAH/BG)7/AMgS  coatings were reported as 2.01 E+3 Ω.cm2 and 3.10 E+3 Ω.cm2 ; 

respectively. The observed Rp values for the coated substrate are higher compared to the 

uncoated substrate (1.15 E+2 Ω.cm2) (Table 3.2). The significant increase in Rp values for 

the SPH/(PAH/BG)7/AMgS  coating indicates a thicker and more uniform coverage of the 

coating material on the alloy surface (Figs.3. 4((e), (f), (g),  (h) and (j))). 

 

Interestingly, the corrosion rate of the SPH/(PAH/BG)5/AMgS (1.75 mm/year) and 

SPH/(PAH/BG)7/AMgS  (0.73 mm/year) was significantly lower compared to the uncoated 

Mg alloy (6.95 mm/year). The  use of BG particles in the surface coating of  Mg alloy 

substrates helps reduce their corrosion rate due to their bioactivity [50]. 
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Table 3.2: Electrochemical parameters of uncoated and coated SPH/(PAH/BG)
5
 /AMgS  

and SPH/(PAH/BG)
7
 /AMgS after immersion with HBSS for 10 days at 37℃. 

Type Ecorr 

(V/SCE) 

Icorr 

(A.cm
-2) 

βa 

(V.dec
-1) 

βc 

(V.dec
-1) 

Rp 

(Ω.cm
2) 

CR 

(mm/years) 

Un coated Mg 

alloy 
-1.62 

 

3.04×10-4 

 

0.19 

 

0.16 

 

1.15×102 

 

6.96 

SPH/(PAH/BG)5/

AMgS 

 

-1.24 

 

6.81×10-6 

 

0.27 

 

0.08 

 

2.01×103 

 

1.75 

SPH/(PAH/BG)7/

AMgS 
-1.13 3.52×10-6 1.48 0.16 3.10×103 0.73 

 

The corrosion behavior of the uncoated and SPH/(PAH/BG)n/AMgS substrates was 

also investigated after 10 d of interaction in HBSS using EIS measurements. The results are 

shown in Figs. 3.7 (b) and (c). The EIS spectrum of the uncoated substrate displayed a 

single small semicircle, while for the SPH/(PAH/BG)5/AMgS coating, the EIS spectrum 

showed a merge of two semicircles with larger diameters. The EIS spectrum of the 

SPH/(PAH/BG)7/AMgS coated substrate also displayed a merge of two semicircles, with 

the largest semicircle compared to the  SPH/(PAH/BG)5/AMgS coated and uncoated 

surfaces. These observations indicate an increase in impedance and confirm the high 

corrosion resistance behavior of SPH/(PAH/BG)7/AMgS [51]. The larger low–frequency 

impedance modulus (│Z│10Hz) of the substrates indicates their better corrosion protection 

performance[16]. As shown in Fig. 3.7(c),  the│Z│10Hz value of the uncoated Mg alloy is 

82567.31 Ω.cm2, which is lower than the5-layer (189861.99  Ω.cm2) and seven-layer 

(1081324.04 Ω.cm2) SPH/(PAH/BG)n coatings on AMgS. These results also demonstrate 

that the SPH/(PAH/BG)7 /AMgS coating significantly improves the corrosion resistance of 

the Mg alloy. 

 

To obtain detailed information on the degradation processes at the interfaces of the 

uncoated and coated substrates and the HBSS solution, the EIS data were tailored using 

equivalent circuits  shown in Figs.3.7 (d) (a1 and b1). In these models, R1 and R2 represent 

the electrolyte resistance and coating resistance, respectively. C1 represents the capacitance 

due to components of the SPH/(PAH/BG)n /AMgS  coating (protective corrosion layer), and  
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constant phase element (CPE), instead of pure capacitive behavior, is used and is 

characterized by the admittance (Y0) and power index number (n), which can be calculated 

by using the formula [52]: 

YCPE (ω) = 
1

𝑍𝐶𝑃𝐸
  = Y0 (jω)n                                                                                                            (3.5) 

where; ZCPE, represents the impedance of the constant phase element. 

J: imaginary unit and ω; angular velocity (rad/sec). 

The proposed equivalent circuit model best fits the EIS spectra, and the derived values of 

the equivalent circuit parameters are reported in Table 3.3. Interestingly, it can be  observed 

that n1 for SPH/(PAH/BG)7/AMgS is 1.0, indicating a capacitive behavior. However, for 

the uncoated Mg alloy, the corresponding value decreased to 0.58, indicating a diffusion 

process. These findings are consistent with the corrosion behavior of 

SPH/(PAH/BG)7/AMgS in HBSS[53].  

 

Table 3.3: Corrosion parameters obtained from the Nyquist fitted impedance data of MgS, 

SPH/(PAH/BG)5/AMgS  and SPH/(PAH/BG)7/AMgS after immersion with HBSS for 10 

days at 37℃. 

Sample 
R1 

(Ω.cm2) 

R2 

(Ω.cm2) 

CPE1 

(Ω-1. Sn 

cm -2) 

n1 

C1 

(Ω-1. Sn 

cm -2) 

CPE2 

(Ω-1. Sn 

cm -2) 

n2 

 

Un coated Mg 

alloy 

 

 

25691 

 

- 

 

2.4×10-7 

 

0.70 

 

1.54×10-9 

 

4.7×10-4 

 

0.58 

 

SPH/(PAH/BG)5/

AMgS 

 

38534 
 

28364 

 

5×10-9 

 

0.94 

 

7.83×10-10 

 

- 

 

- 

SPH/(PAH/BG)7/

AMgS 

 

40363 
 

1.61×105 1.1×10-12 1.0 

 

3.31×10-10 
 

- - 
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Fig. 3.7: (a)  Potentiodynamic polarization curves and (b)Nyquist plots and fitting curves 

for the (i) Mg alloy substrate, (ii) SPH/(PAH/BG)5/AMgS and (iii) SPH/(PAH/BG)7/AMgS 

substrates immersed in HBSS for 10 d at 37 ℃ and (c) Bode plots of │Z│ vs. 

frequency and (d) Equivalent electrical circuits for the impedance data obtained from 

(a1) uncoated as well as (b1) coated  samples. 
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3.3.4.2. Analysis of Degradation Behavior 

Fig. 3.8 (a) shows the volume of hydrogen gas released as a function of time from 

uncoated and coated Mg alloy substrates immersed in HBSS. The lowest volume of 

hydrogen is released from the Mg alloy substrate immersed in HBSS, indicating the lowest 

corrosion rate of substrate [54]. As observed in Fig. 3.8 (a), the SPH/(PAH/BG)5/AMgS 

and SPH/(PAH/BG)7/AMgS coated substrates released the least amount of hydrogen gas, 

in contrast to the highest volume of hydrogen gas released by the uncoated Mg alloy. This 

is in good agreement with electrochemical measurements (Section 3.3.4.1).  

 

The volume of released hydrogen gas from 24 h to 240 h of immersion in HBSS 

increases from 9.5 mL.cm-2 to 73.4 mL.cm-2 for the uncoated Mg alloy, ranging between 

4.5 mL.cm-2 to 46.4 mL.cm-2 for SPH/(PAH/BG)5/AMgS, and from 2.2 mL.cm-2 to 35.4 

mL.cm-2 for SPH/(PAH/BG)7/AMgS. After 120 h of immersion in HBSS, the hydrogen 

evolution was faster for all substrates. Among all substrates, SPH/(PAH/BG)7/AMgS 

showed the lowest evolution of hydrogen due to the formation of a thicker protective oxide 

layer on its surface after longer exposure ( 120 h) to HBSS [55]. 

 

The FTIR spectra of uncoated and SPH/(PAH/BG)n/AMgS are shown in Fig. 3.8 

(b). The FTIR spectrum of AMgS showed only peaks due to  O – H stretching and bending  

(3671 cm-1 and 1396 cm-1 ) and Mg – O (1244, 1065, and 878). After immersion in HBSS, 

AMgS displayed new peaks at 1044 cm-1 due to PO4
3- . The FTIR spectrum corresponding 

to SPH/(PAH/BG)n/AMgS  for both n, 5 and 7, presents absorption peaks at 3671  cm-1, 

2989 cm-1 and 2913 cm-1 which were due to O – H, C – H, and CH3 stretching. Peaks at 

1400 cm-1  and 1044 cm-1 were due to N – O vibrations  and Si―O― stretching; respectively. 

Interestingly,  Si – O – Si and Si – CH3 vibrations were reported at 871 cm-1 , 713 cm-1 and 

1245 cm-1 ; respectively. These findings support the presence of SPH/(PAH/BG)n coating 

on AMgS [56].   
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The FTIR spectrum of SPH/(PAH/BG)n/AMgS are shown in Fig. 3.8 (c), after 

immersion in HBSS for 10 days showed peaks corresponding to  O – H (3678 cm-1), C – H 

(2885 cm-1and 2983 cm-1 ), ―C=O stretching and ―N―H  (1651 cm-1), N – O (1402 cm-

1) and Si – O – Si (871 cm-1) vibrations. These observations are more or less similar to 

SPH/(PAH/BG)n/AMgS before immersion in HBSS. Interestingly, a new peak appeared at 

1037 cm-1 due to PO4
3- ions indicating the formation of hydroxyapatite due to the bioactivity 

of BG.  After immersion in HBSS, O – H and C – H peak positions were slightly shifted 

indicating the interaction of SPH/(PAH/BG)n/AMgS  with HBSS[57]. 

 

Fig. 3.8 (d) shows XRD diffraction patterns of the coated substrates 

SPH/(PAH/BG)5/AMgS   and SPH/(PAH/BG)7/AMgS in contrast to the uncoated Mg alloy 

substrate. Observed reflections in the corresponding XRD pattern for Mg alloy (JCPDS file 

no. 00-001-1141) and for SPH/(PAH/BG)n refer to (Ca5(PO4)3(OH)) as per (JCPDS file no. 

00-024-0033). The existence of the Mg alloy peak in the SPH/(PAH/BG)7/AMgS  sample 

was less pronounced,  which can be attributed to the difficulty of XRD penetration through 

the coatings to the Mg alloy substrate, due to the higher thickness of the coating. On the 

other hand the penetration of X–ray through the uncoated and SPH/(PAH/BG)5 /AMgS was 

easier resulting in the appearance of Mg alloy peaks[8]. The generated coatings, in 

particular, were amorphous, as confirmed by XRD examination. Fig. 3.8 (e) demonstrates 

the XRD graph of samples after HBSS immersion for 10 days. For the uncoated Mg 

composite substrate, the presence of Mg(OH)2 and hydroxyapatite in the films formed 

relating to the Ca3(PO4)2 and HA (Ca10(PO4)6(OH)2) compounds was clearly visible. 

However, the Mg signal was also detected, which may be caused by scratching the covering 

film from the substrate [58,59]. However, it can  be seen that the HA peak of the 

SPH/(PAH/BG)5/AMgS was stronger than the uncoated substrate, indicating  that the 

selected polyelectrolyte improved the formation of HA [60]. On the other hand, peaks of 

Ca3(PO4)2 and HA compounds on SPH/(PAH/BG)7 /AMgS could not be visualized, 

indicating that the  increased layer exhibited high corrosion resistance and can be termed a 

solution barrier.  
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Microscopic examination of uncoated and coated surfaces confirmed the surface 

deposition of corrosion products (Fig. 3.8 (f)). The lowest surface deposition was visualized 

for uncoated substrate immersed in HBSS, which increased with an increase in contact time 

with HBSS (3 d to 10 d) as illustrated in Figs. 3.8 ((a1) – (c1)) .These substrates developed 

numerous micro-cracks throughout the surface. The SPH/(PAH/BG)7/AMgS coated alloy 

surface was visualized with thicker surface deposition due to the bioactivity of BG along 

with the corrosion products of the Mg alloy substrate Figs. 3.8 ((g1) – (i1)) compared to the 

SPH/(PAH/BG)5/AMgS coating Figs. 3.8 ((d1) – (f1)). The in-vitro observation is 

indicative of decreased biodegradability and increased integrity of the 

SPH/(PAH/BG)7/AMgS with the host [61]. 

 

 

 

 

 

(a) 
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(b) (c) 

(d) (e) 
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Fig. 3.8:  (a) Hydrogen evolution of uncoated and coated substrates (b), (c) FTIR spectra 

(d),(f) XRD patterns  for uncoated, SPH/(PAH/BG)5/AMgS  and SPH/(PAH/BG)7/AMgS  

before and after immersion in HBSS for 10 d and (f) Microscopic images at 1000 X 

magnification of (a1 – c1) MgS (d1 – f1) SPH/(PAH/BG)5/AMgS  and (g1 – i1) 

SPH/(PAH/BG)7/AMgS  after 3, 7 and 10 d of immersion in HBSS; respectively. 

 
Fig. 3.9(a) portrays XPS survey on the elemental composition and chemical state of 

SPH/(PAH/BG)7/AMgS before and after immersion in HBSS for 10 d at 37 ℃. The XPS 

survey scan on SPH/(PAH/BG)7/AMgS indicated the existence of  Mg1s (1303.58 eV), O1s 

(531.44 eV), C1s (285.06 eV),Ca2p (350.08 eV), N1s (399.36 eV) and Si2p (103.11 eV) 

before immersion in HBSS. The observed N1s signal indicated the presence of PAH 

molecules on the surface of the alloy substrate[13]. Fig. 3.9 (a) also revealed the presence 

of Ca2p and Si2p peaks, demonstrating the successful coating of BG nanoparticles on the 

Mg substrate. The XPS peaks of the substrate after interaction with HBSS  for 10 d were 

shifted to lower binding energy values for Mg1s (1303.04 eV), O1s (531.17 eV), C1s 

(284.91 eV), N1s (399.17 eV), and Si2p(102.3 eV) compared to the control. In comparison 

with the control, XPS peaks corresponding to Ca2p (350.27 eV) of the substrate after 

interaction with HBSS emerged at higher binding energy values.  

 

(f) 
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These data suggest that following immersion in HBSS, corrosion products are 

deposited on the surface of Mg alloy substrate. In addition, the bioactivity of BG contents 

of SPH/(PAH/BG)7/AMgS  composite on the coated substrate during immersion in HBSS 

is also expected to cause the observed shifts in binding energies of the reported elements. 

 

High-resolution XPS spectra of Mg1s, O1s, C1s, Ca2p, N1s, and Si2p are further 

gathered together to find the chemical status of the existing elements, as shown in 

Figs.3.9(b) and 9(c). For precise analysis, the resulting high-resolution peaks were 

subjected to Gaussian model fit using XPS peak fitting 41 and Origin Lab 2023 software, 

and corresponding observations on Mg alloy surface substrates before and after immersion 

in HBSS are discussed below:  

 

The coated Mg alloy surface showed XPS peaks corresponding to  Mg2+ (1303.31 

eV Mg1s), C=O (531.18 eV O1s ), C– C (284.26 eV C1s), C=C (286.60 eV C1s ), Ca2+ 

(346.54 eV Ca2p), CaO (350.56 eV Ca2p), NH2 (399.01 eV N1s), and SiO2 (102.82 eV 

Si2p) before immersion in HBSS [62]. These findings confirmed the existence of BG 

nanoparticles in SPH/(PAH/BG)7 /AMgS  composite coating. The XPS analyses of the Mg 

alloy surface after 10 d of interaction with HBSS report the following findings. The 

observed Mg1s peak at 1302.93eV corresponds to MgHPO4.H2O [63]. The O1s peak 

showing a maximum at 530.94 eV indicates the existence of [–OH−], [PO4
3−], and [CO3

2−]  

[64]. In most Mg alloys, the most dominant surface corrosion product is Mg(OH)2 because 

of its lower solubility compared to magnesium phosphate and magnesium carbonate[65]. In 

the C1s spectra, peaks representing C1s at 284.32 eV  and 285.74 eV evidenced the 

existence of MgCO3 and CaCO3 ; respectively, on the alloy surface as corrosion 

products[63]. The higher sub-peak centered at 350.56 eV in the Ca2p spectra corresponds 

to Ca2p1/2, indicating the presence of calcium salts. The peak centered at 346.54 eV is the 

Ca2p3/2 peak evidencing calcium-based corrosion products. The observation corresponds 

to the existence of Ca2+ ions in the form of CaHPO4.H2O and CaCO3, which are common 

corrosion products on the Mg alloy surface in HBSS [63]. 
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In the N1s spectra, the peak at 398.87eV could be due to the C–N bond. The peak at 400.48 

eV can be attributed to the –NH2 bond[66]. Finally, the appearance of Si2p at 101.30 eV 

and 102.0 eV evidences the existence of silicon-containing species in the corrosion product 

layer, such as SiO2 . 

 

(a) 

(b) 
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3.3.5. Hemocompatibility 

Evaluating the hemolysis rate of biomaterials is crucial analysis for assessing the 

biological safety of the same. It is imperative that the hemolysis rate remains below 5% 

when the biomaterials come into contact with blood [67]. Materials with  a high hemolysis 

rate can potentially cause severe damage to red blood cells, increasing the risk of thrombosis 

and jeopardizing the success of implantation procedures. As shown in Fig. 3.10, the 

hemolysis rate of the unmodified magnesium alloy was 38.97  ± 0.09% and does not meet 

the requirements for clinical application.  The untreated magnesium allow has inadequate 

corrosion resistance, leading to the generation of significant quantities of hydrogen peroxide 

and Mg2+ ions. These byproducts result in a rapid elevation of the blood's pH level, 

facilitating the bonding of red blood cells with Ca2+ ions in the solution [68]. This process  
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Fig. 3.9: (a) XPS analysis on SPH/(PAH/BG)7/AMgS before and after immersion in 

HBSS at 37 ℃. for 10 d, (b) XPS with the high resolution scan region representing Mg1s, 

O1s, C1s, Ca2p, N1s and Si2p for SPH/(PAH/BG)7/AMgS (c) XPS with the high 

resolution scan region representing Mg1s, O1s, C1s, Ca2p, N1s and Si2p for 

SPH/(PAH/BG)7/AMgS after immersion in HBSS for 10 d. 

(c) 
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ultimately leads to rupture of red blood cells and triggers a severe hemolytic reaction.The 

hemolysis ratio (HR%) of (AMgS), SPH/(PAH/BG)5/AMgS and  SPH/(PAH/BG)7/AMgS 

was approximately 23.62  ± 0.07 %, 3.93  ± 0.04 % and 2.75  ±  0.01 %; respectively. After 

alkali treatment and coating,  the hemolysis rate decreased significantly. This is because the 

corrosion resistance of the Mg alloy was significantly improved, reducing the pH changes 

and Mg2+ release. As a result, less damage to red blood cells was observed when the coated 

substrate was in contact with blood. The lower hemolytic ratio of the coating suggests that 

it enhances the substrate’s biocompatibility. This is consistent with previous studies that 

reported a hemolysis rate above 5% for untreated Mg alloy Preeti et al. demonstrated that 

Mg alloy coated with strontium-doped calcium phosphate (Ca-Sr-P) had a lower hemolysis 

rate compared to untreated Mg alloy [69]. Yee-Hsien  et al.  proved that embedding 

hydroxyapatite particles enhanced the blood compatibility of Mg alloys, with  the 

enhancement being dependent on the HA content [70]. 

 

Fig. 3.10: The hemolysis rates (HR%)  of  uncoated (MgS), AMgS, SPH/(PAH/BG)5/AMgS 

and SPH/(PAH/BG)7/AMgS ; respectively. 
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LbL Coating Mechanism of SPH/(PAH/BG)n  on AMgS and Salient features  

The rising interest in multifunctional implant materials in biomedical applications 

increases the exploration of novel implant coating materials on Mg alloy substrates. Recent 

studies have explored various multilayer coating materials on AZ31 Mg alloy surfaces by 

the dip coating method [8,14,49,71,72]. These studies mostly used polymers in multilayers, 

but no one has examined the use of BG through the LBL coating mechanism on Mg alloy.  

 

Composite SPH/(PAH/BG)7 coatings (Scheme 1) were deposited on AMgS using a 

simple dip coating method. AMgS was evidenced with white patches due to surface 

hydroxylation containing   Mg−O and O−H bonds. The net surface charge of AMgS at pH 

7.10 was measured as 5 mV. Considering the net surface positive charge and patch-like 

coverage of hydroxyl groups on AMgS, the substrate was coated with SPH of zeta potential 

-15 mV at pH 7.10. As a result, a uniform and smooth SPH coating was obtained on AMgS 

because of the electrostatic force among the positive surface charge of AMgS and the 

negatively charged functional groups (mostly phosphate groups) of SPH. Overall, the 

SPH/AMgS net surface charge becomes negative and becomes suitable for the LbL coating 

of positively charged PAH containing an amine group and negatively charged FA templated 

BG through electrostatic interaction, hydrogen bonding and other weak physical forces. The 

resulting SPH/(PAH/BG)n/AMgS indicated several beneficial features for Mg alloy 

implants. The FA templated BG content could improve the bioactivity of the implant by 

promoting bone growth and integration with surrounding tissue. Composite coating 

SPH/(PAH/BG)7 was deposited on the Mg alloy substrate using the dip coating method. The 

BG nanoparticles for coating were synthesized by an ecofriendly bioinspired method using 

FA as a template. FESEM morphology of SPH/(PAH/BG)7/AMgS showed a porous rough 

and compact microstructure. The coating adhered strongly to the surface of the substrate 

with a thickness of 31.06  ±  0.1  µm and was bioactive upon immersion in HBSS. 

SPH/(PAH/BG)7/AMgS revealed a water contact angle of 61.85ᴼ ± 6.21ᴼ, which is 

appropriate for protein attachment and a roughness value (Ra = 2.95 ± 0.020) for subsequent 

cell growth. Interestingly, the excellent corrosion-resistant performance of the coating 

material was demonstrated by weight loss, Tafel polarization and impedance spectroscopy.  



 

DTU: 2024                                                                                                               Page | 83  
 

Chapter 3: Multifunctional Poly(Allylamine Hydrochloride) / Bioactive 

Glass Layer by Layer surface coating on Magnesium Alloy for 

biomedical applications       
 

For example, SPH/(PAH/BG)7/AMgS  after 10 d immersion in HBSS reported excellent 

Ecorr  and CR values -1.13 (V/SEC) and 0.0080 (mg/cm2.d) compared to the existing 

literature due to the outstanding bioactivity of nanosized BG.  

These findings revealed the excellence of SPH/(PAH/BG)7 multilayer coating with 

anti-cancerous, anti-oxidant and anti-inflammatory properties on AMgS to eliminate the 

dissolution of toxic metallic ions from the substrate in physiological environments and 

proven as a  potential candidate for in–vivo studies. 

 

3.4. Conclusions 

A novel layer-by-layer coating containing SPH and (PAH/BG)n, via the dip 

technique, is utilized to form a biomimetic CaHPO4.H2O coating for enhancing the 

corrosion resistance of Mg alloy. Synthesized FA templated BG was nano-sized (12.53 ± 

2.22) nm and proved to contain anti-cancerous FA molecules. Using BG particles, 

SPH/(PAH/BG)7 composite coated was successfully deposited on AMgS via layer-by-layer 

assembly. SPH/(PAH/BG)7/AMgS coating was dense and uniform, showing a thickness of 

31.06 µm ± 0.1µm. The SPH/(PAH/BG)7/AMgS demonstrated a suitable water contact 

angle of 61.85ᴼ ± 6.21ᴼ, which is appropriate for protein attachment. Also, composite 

coatings presented appropriate roughness values and good adhesive with the substrate that 

help in cell attachment and their proliferation. In HBSS, both hydrogen evolution and 

electrochemical corrosion tests confirmed BG caused CaHPO4.H2O coating provided good 

corrosion protection for Mg metal. The cytocompatibility of SPH/(PAH/BG)7/AMgS was 

confirmed through a hemolysis assay. Results imply that the SPH/(PAH/BG)7/AMgS can be 

an ideal cytocompatibility material with multifunctional (anti-cancerous, anti-oxidant, and 

anti-inflammatory) properties for biomedical applications of Mg alloys. 
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Chapter Four 

Conclusion & Recommendation 

 

4.1. Conclusions 

Based on the experimental observations from the synthesis bioactive glass and use as a 

coating with other biocompatible materials and performed corrosion and mechanical testing, 

the following conclusions can be drawn: 

 

In the first project, a bio-inspired approach was used to synthesize nano-sized 

bioactive glass (BG) using CTAB as a template. This BG nano powder was then used to 

create a zein_BG composite coating on an AZ31B Mg alloy substrate through dip coating. 

The composite coating exhibited physical and chemical bonding between zein and BG, 

showed a compact and rough microstructure, and demonstrated strong adhesion to the 

substrate. The coating also exhibited excellent corrosion resistance, making it a promising 

candidate for biomedical applications, as it could prevent the release of toxic metallic ions 

in physiological environments. 

 

In the second project, a novel layer-by-layer coating containing SPH and 

(PAH/BG)n, via the dip technique, is utilized to form a biomimetic CaHPO4.H2O coating 

for enhancing the corrosion resistance of Mg alloy. Synthesized FA templated BG was nano-

sized (12.53 ± 2.22) nm and proved to contain anti-cancerous FA molecules. Using BG 

particles, SPH/(PAH/BG)7 composite coated was successfully deposited on AMgS via layer-

by-layer assembly. SPH/(PAH/BG)7/AMgS coating was dense and uniform, showing a 

thickness of 31.06 µm ± 0.1µm. The SPH/(PAH/BG)7/AMgS demonstrated a suitable water 

contact angle of 61.85ᴼ ± 6.21ᴼ, which is appropriate for protein attachment. Also, composite 

coatings presented appropriate roughness values and good adhesion with the substrate that 

help in cell attachment and their proliferation. In HBSS, both hydrogen evolution and 

electrochemical corrosion tests confirmed BG caused CaHPO4.H2O coating provided good 

corrosion protection for Mg metal. The cytocompatibility of SPH/(PAH/BG)7/AMgS was 

confirmed through a hemolysis assay. Results imply that the SPH/(PAH/BG)7/AMgS can be 

an ideal cytocompatibility material with multifunctional (anti-cancerous, anti-oxidant, and 

anti-inflammatory) properties for biomedical applications of Mg alloys. 
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Chapter Four: Conclusion & Recommendation 

 

Overall, this thesis presents evidence that surface modification offers a viable 

approach for effectively regulating the biodegradation rate and enhancing the 

biocompatibility of magnesium and its alloys. As a result, these materials show great 

potential as favorable choices for orthopedic applications. 

 

4.2. Recommendation for Future Work 

This work has provided a platform for the development of a novel layer by layer coating for 

the improvement of magnesium alloy for use as a biodegradable biomaterial. However, 

there is more work required. The following are avenues for future research required in order 

to achieve this: 

1) It is of interest to further study, the microstructure and degradation behavior of AZ31 Mg 

alloy by using alloying and layer by layer coating to optimize the degradation rate and 

mechanical performance of the alloy system. 

2) The effect of wettability and surface roughness of Mg alloys on the degradation rate and 

cell behavior should be widely studied under in - vivo conditions. Beside this, the effect of 

surface morphology and porosity on the corrosion behaviors of Mg alloy in vivo has not 

been fully investigated. 

 

3) Biocompatibility and cytocompatibility testing in - vivo experimentation. 

 

 

 

 

 

 

 

 

 

 


