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ABSTRACT 
 
 

This project involves two separate biomedical issues: corrosion rates of polyelectrolyte-

coated magnesium (Mg) alloys, mainly used for biomedical purposes, and antibacterial 

properties of these alloys. Electrochemical impedance spectroscopy (EIS) was employed for 

analyzing these samples in order to detect their corrosion properties. In the electrochemical 

analysis section (GAMRY potentiostat), a corrosion rate of 72 milli inch per year was found for 

the sample coated with a 12 deionized phosphonic acid (Di-PA) self-assembled monolayer 

(SAM) and 9 chitosan/carboxymethyl cellulose (CHI/CMC) multilayers. The Mg alloy samples 

were coated with cationic polyelectrolyte (chitosan) and anionic polyelectrolyte (CMC) using a 

layer-by-layer (LBL) coating method. Both polymer solutions were 0.0015 gm. /liter.  

 In the antibacterial test section, gentamicin was investigated for how it would adhere on 

the Mg substrate surface and how it would be an antibacterial agent against Escherichia coli (E. 

coli) bacteria. This experiment involved different sets of samples. From a coating point of view, 

a bare layer, self-assembly monolayer, polyelectrolyte layer, and combination of self-assembly 

monolayer and polyelectrolyte layer were analyzed. From an antibacterial treatment point of 

view, samples with no antibacterial treatment, 10% gentamicin sulfate, ultraviolet (UV) 

treatment and 0% gentamicin sulfate, anti-anti and 10% gentamicin sulfate, and 70% ethanol 

(EtOH) and 10% gentamicin sulfate were analyzed. Duration and temperature of incubation were 

7 days at 35°C, respectively. Antibacterial sensitivity was tested using the disk diffusion method. 

Based on the standard diameter of the zone of inhibition chart, the antibacterial diffusion was 

found to be in the susceptible category, meaning that the growth of bacteria was inhibited 

strongly. The largest recorded diameter of the zone of inhibition was 50 mm for the pre-UV 

treated and gentamicin-loaded sample, which is more than three times the standard diameter.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1 Background 
 

Magnesium (Mg) is a potential metal for cardiovascular (stent) applications. It has a high 

systemic toxic level of about 7 to 10 mill moles per liter of serum [1]. The basis for using Mg as 

a biodegradable stent material is that it is an element of the tissue structure of many living 

organisms, and as a substantial intracellular cation, magnesium is part of more than 300 

biological reactions in a cell. Mg is also non-carcinogenic, also an advantage. However, 

magnesium degrades rapidly in aggressive chloride environments like human body fluid. Rapid 

degradation of magnesium implants results in tissue overloaded with degradation products, 

which can lead to neointimal formation [1].  

For the first time in 1878, magnesium was used in cardiovascular applications. That year, 

Huse was successful three times in stopping bleeding vessels by using a Mg wire ligature: a 

single time in a radial artery and twice in a varicocele operation [1]. Later in the twentieth 

century, magnesium was investigated as a biodegradable material for the connector application 

of vessel anastomosis and wire application the possibility of using magnesium alloys for 

cardiovascular stents. They worked with the AE21 alloy for primary coronary animal research. 

The AE21 alloy has a reduced degradation rate compared to other magnesium alloys. Figure 1.1 

shows how a cardiac stent made of magnesium removes blockage in an artery. 

 Magnesium alloys were experimented on earlier in an in vivo study to check if they were 

suitable for orthopedic application. This study was conducted on rabbit tibiae, whereby 

magnesium alloys (LAE442, WE43, MgCa0.8, AX30, and ZEK100) were implanted into rabbit 

tibia, and the mechanical strength, in vivo corrosion rate, and biocompatibility were examined 
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[2]. Under the conventions of the ethics committee, researchers used five rabbits. The extruded 

pins that were implanted were 2.5 mm in diameter and 25 mm in length (see Figure 1.2). Four 

tibiae remained without implants and served as controls. 

 
 

Figure 1.1: Cardiac stent [1] 
 

 

 
  (a)       (b) 

Figure 1.2: (a) Extruded magnesium pins and (b) radio graphical illustration of implant location 
in rabbit tibia [2] 

 
 A higher mineral apposition rate (MAR) was found in the examined groups with 

magnesium implants than the control tibiae, so the bone remodeling was better with the 

magnesium implant. Especially in the first month, the MAR was 4.29 µm/d in the MgCa0.8 

group and 3.36 µm/d in the LAE442 group, higher than in the control group without implant 

material (MAR 0.87 µm/d) [2]. These results opened the door for using magnesium alloys in 
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orthopedic applications. Today, orthopedic screws, plates, and rings are usually produced from 

magnesium alloys. 

Currently, another potential stent application involving a magnesium alloy, the ureteral 

stent, is in progress. Clinical complications and failure of indwelling medical devices are the 

consequences of bacterial infection. This is especially noticeable in the case of ureteral stents, 

which are the current clinical solution to treating blockage in arterial canals. Commonly, this 

type of stent, which is currently made of polyurethane [3], becomes infected with Escherichia 

coli (E. coli) bacteria. Incubating E. coli with magnesium samples has resulted in a decrease in 

the bacterial cell density, compared with the currently used commercial polyurethane stent [3]. 

Clinically, Mg will be the better choice of material out of which to make this ureteral stent. 

Figure 1.3 shows the ureteral channel inside the human body. 

 
 

Figure 1.3: Ureteral channel inside human body [4] 
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Magnesium degradation in immersion solutions (artificial urine, Luria Bertani broth, and 

deionized water) has resulted in an alkaline pH shift [3]. Because of antimicrobial and 

degradation properties, Mg has become an attractive alternative as next-generation ureteral stent 

material. 

Now, focusing on bacterial infection issues in the case of a magnesium implant 

application, the effect of Mg metal with increased Mg2+ concentration and alkaline pH was 

analyzed on the in vitro growth of Escherichia coli, Pseudomonas aeruginosa, and 

Staphylococcus aureus in three separate experiments [5]. The increments in pH and Mg2+ 

concentration were predictable, regardless of the quantity of Mg added, so it is possible to obtain 

antibacterial effects, similar to that of fluoroquinolone antibiotics, by adding Mg and increasing 

the pH value.  

 However, a simple increase in Mg2+concentration alone has no effect. The mechanism 

that results in an antibacterial effect of Mg on three common aerobic bacterial organisms is the 

alkaline pH [6]. A group of researchers has studied the antibacterial behavior of magnesium-

based metal, pure Mg, and AZ31 alloy, with and without surface coatings. The results of those 

studies have indicated that both pure Mg and AZ31 alloy had a strong antibacterial effect against 

Escherichia coli. Antibacterial (AB) ability has been found in cases of pure Mg with a porous 

silicon (Si)-contained coating by micro-arc oxidation maintaining a mild increase in the pH 

value. However, fluorine-contained (F) pure Mg and Si-coated AZ31 alloy lost their antibacterial 

abilities with almost no change in pH values because of the less-porous coatings on the surfaces. 

The results of this work indicate that surface coating could have a strong effect on the 

antibacterial ability of Mg-based metals. 
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A magnesium and silicon coating by micro-arc oxidation (MAO) showed antibacterial ability 

with a mild increase in the pH value due to the porous structure of the coating [7]. On the other 

hand, Mg with F and the AZ31 alloy with Si coatings by chemical conversion resulted in no 

antibacterial ability at almost the same pH value [8]. This occurs because of the more dense 

coatings on surfaces. Therefore, a porous coating on Mg-based metals is expected to not only 

reduce the degradation rate to some extent but also have an additional antibacterial activity, 

which has a potential clinical value in practice. 

1.2 Motivation 

It is necessary to figure out a way to deliver an antibacterial drug inside the human body 

by a magnesium substrate, ensuring the least possible corrosion rate from human body fluid. 

There are a number of solutions to this type of drug delivery, although when a metal implant is 

used inside the human body, there is the possibility of bacterial infection. Therefore, it would be 

convenient to load an antibacterial agent onto the implant surface. This is the motivation for this 

thesis project. 

1.3 Objective 

 Based on the Mg alloy’s potential use as a ureteral stent, this project has the following 

objectives:  

• Investigating the corrosion properties of Mg alloys with a polyelectrolyte (PE) coating. 

• Ensuring strong attachment of gentamicin on the Mg substrate surface. 

• Measuring antibacterial sensitivity of gentamicin against E. coli. 

• Reinforcing the antibacterial sensitivity of gentamicin by using a secondary antibacterial 

agent or treatment.  
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CHAPTER 2 
 

LITERATURE REVIEW 
 
 

2.1 Magnesium Alloy 

Magnesium alloys are mixtures of metals containing at least 96% Mg with other metals, 

often aluminum, zinc (Zn), manganese (Mn), silicon, copper (Cu), rare earth, and zirconium. It is 

the lightest structural metal. The lattice structure of magnesium is hexagonal, which determines 

the fundamental properties of these alloys [6].  

2.1.1 Basic Biomedical Properties 

Magnesium is a particularly attractive option among the degradable biomaterials 

currently available. It takes priority over other biodegradable materials because of some basic 

biomedical properties, as follows [9, 10, 11]:  

• The density of magnesium and magnesium alloys ranges from 1.74 to 2.0 g/cm3.  This is 

exceptionally lighter than that of biomedical Ti alloy (4.4–4.5 g/cm3) and close to that of 

human bone (1.8– 2.1 g/cm3). 

• The fracture toughness of magnesium is higher than ceramic biomaterials. The elastic 

modulus of Mg alloy ranges from 41 to 45 GPA. This value is quite close to that of 

human bone and helps to avoid the stress-shielding effect.  

• Magnesium is an essential part of human metabolism. It is the fourth most abundant 

cation in the human body. It has been estimated that 25 g of magnesium is stored in the 

human body, and approximately half of the total content is stored in bone tissue. 

Magnesium works as a cofactor for many enzymes. It also stabilizes the structures of 

DNA and RNA. 
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Therefore, magnesium alloys are under development as a new biodegradable metal based on 

their fast corrosion rate in the physiologic environment.  

2.1.2 Biocompatibility  

 Biocompatible material is synthetic or natural material applied in intimate contact with 

living tissue. It can be implanted, partially implanted, or totally external. Biocompatible 

materials are expected to interface the biological system in order to replace any tissue, organ, or 

function of the body. The biosafety and biocompatibility of absorbable biomaterials are top-most 

priorities, because all elements of a magnesium alloy will be implanted inside the human body.  

In the design of degradable biomaterials, ideally, elements with potential toxicological problems 

should be avoided, if possible [9]. Otherwise, the amount of these elements should be either 

minimized or acceptable if they cannot be excluded from the design. Since calcium (Ca), Zn, and 

Mn are essential for human life, these three elements should be the first choices as alloying 

elements for a biomedical magnesium alloy [7]. In the case of a magnesium alloy, the addition of 

Ca and Zn should be limited to 2 wt.% and 6 wt.% , respectively, under consideration of the 

corrosion properties of magnesium alloy [12]. 

2.1.3 Biodegradability 

The degradation behavior of pure magnesium and Mg alloy (15 wt.% Zn and 2 wt.% Ca) 

was studied using in vitro testing in Hank’s solution and scanning electron microscopy (SEM). 

Test results were then compared against the performance of a commercially available Mg-based 

alloy, AZ91 [13]. Additionally, a morphological analysis was performed on samples that had 

undergone 219 hours of immersion in Hank’s solution to study the effect of microstructural 

features on the degrading behavior of these alloys. It was observed that the initial degradation 

rate of pure Mg and the AZ91 alloy was approximately double that of ZX152. It is believed that 
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the addition of Ca and the formation of an eutectic phase increase the corrosion resistance of the 

alloy, thus reducing the degradation rate [13]. A microstructural analysis reveals that, after 

several hours of immersion, the Mg-rich solid-solution phase preferentially dissolves away, 

leaving a surface primarily composed of the eutectic phase. In the past few years, significant 

advances have been made in the field of bioabsorbable materials, and Mg has shown significant 

potential as a material for bioabsorbable implants. Although a substantial amount of research has 

been performed on the use of Mg and its commercially available alloys for biomedical 

applications, further research is needed to evaluate the potential of research-grade Mg-based 

alloys for use in biological implants [14]. An integrated approach involving chemists, 

experimental and computational material scientists, and medical professionals is needed to 

understand the fundamental mechanisms involved with the application of Mg alloys in 

physiological conditions. Understanding fundamental questions like the effect of secondary 

phases on the degradation rate, interaction of corrosion surface with tissue, influence of 

degradation products on surroundings, and toxicity of alloying elements is necessary to 

achieving the goal of a fully biocompatible and biodegradable Mg alloy implant. 

2.1.4 Biomedical Applications  

 Some applications of a magnesium alloy as implant material are as follows [17]: 

• Cardiac stent 

• Ureteral stent 

• Orthopedic screws, plates, and nails 

2.1.5 Antibacterial Properties of Magnesium 

Bacterial infections are costly wounds. Previously, the effect of Mg metal with increased 

Mg2+ concentration and alkaline pH on the in vitro growth of Escherichia coli, Pseudomonas 
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aeruginosa, and Staphylococcus aureus in three separate experiments has been evaluated. The 

increments in pH and Mg2+ concentration were predictable, regardless of how much mass of Mg 

was added. It is possible to obtain antibacterial effects similar to that of fluoroquinolone 

antibiotics with the addition of Mg and an increase in pH value [9].  

However, a simple increase in Mg2+concentration alone has no effect. The mechanism 

that results in the antibacterial effect of Mg on three of the most common aerobic bacterial 

organisms is an alkaline pH [10]. Antibacterial ability was found in case of pure Mg with porous 

silicon (Si)-contained coating by micro-arc oxidation maintaining a mild increase in the pH 

value. However, F-contained pure Mg and Si-coated AZ31 alloy lost their antibacterial abilities 

with nearly no change in pH values, owing to the more dense coatings on their surfaces. The 

results of this work indicate that surface coating could have a strong effect on the antibacterial 

ability of Mg-based metals. 

Mg with the Si coating by MAO showed antibacterial ability with a mild increase in pH 

value due to the porous structure of the coating [11], but Mg with F and the AZ31 alloy with Si 

coatings by chemical conversion resulted in no antibacterial ability at almost the same pH value 

[12]. This occurs as the result of more dense coatings on the alloy surfaces. Therefore, a porous 

coating on Mg-based metals is expected to not only reduce the degradation rate to some extent 

but also have an additional antibacterial function, which has a potential clinical value in practice. 

2.2  Bacteria 

  Bacteria are the simplest among microbial cells [14], in essence without any nucleus, 

with a cell wall and cell division occurring by way of binary fission rather than mitosis [15]. 

Figure 2.1 shows a Gram-positive bacterium. 
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Figure 2.1: Gram-positive bacteria [16] 

2.2.1 Basic Characteristics of Bacteria 

 Some basic characteristics of bacteria are as follows: 

• Prokaryotic  

• Simplest of all microbial cells  

• Single-celled organisms  

• Cell wall containing peptidoglycan layer  

• No nucleus; rather a part of the cell called the “nucleoid region” (i.e., DNA)  

• Free-floating DNA 

• Possibly additional DNA but not associated with this nucleoid region called plasmid  

2.2.2  Common Diseases by Bacteria 

Bacterial cells in human flora are approximately ten times greater in quantity than that on 

human cells in the body. The largest number of bacteria is found on the skin and in gut flora. 

Because of the protective effects of the immune system, most bacteria in the body are not 

harmful and, in a few cases, are beneficial [16]. The following diseases in the human body are 

caused by common bacteria (in parentheses) [14]: 
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• Anthrax (Bacillus anthracis) 

• Syphilis (Treponema pallidum)  

• Strep throat (Streptococcus )  

• Botulism (Clostridium botulinum)  

• Skin boils (Staphylococcus)  

Respiratory infections are the most fatal diseases caused by bacteria. Tuberculosis alone 

kills about two million people a year, mostly in the sub-Saharan region of Africa.  

2.2.3 Classification of Bacteria 

 Bacteria can be classified according to the following criteria [15]: shape, cell wall 

structure and Gram stain, cellular respiration, and growth factors including energy source and 

nutrient source. This thesis focuses on cell wall structure, in which there are two types of 

bacteria: one is Gram-positive bacteria and the other is Gram-negative bacteria. 

The method to determine whether a bacterium is Gram-positive or Gram-negative was 

invented by Danish physician H. C. J. Gram. This technique is referred to as the Gram stain test 

[14]. First, the slides are stained with crystal violet and iodine. Then, the slides are destained 

with alcohol and counterstained with safranin [15]. Because of the much larger peptidoglycan 

(cell wall) in Gram-positive bacteria, the iodine and crystal violet precipitate in the thickened cell 

wall are not eluted by alcohol, and therefore appear blue or purple [17]. In a Gram stain test, a 

counterstain (safranin) colors all Gram-negative bacteria with a red or pink color. This is because 

of the existence of an outer membrane preventing the penetration of the stain [18]. Figure 2.2 

shows below how the color changes in the Gram stain test of Gram-positive and Gram-negative 

bacteria. 
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Figure 2.2: Gram-positive staphylococcus cell (left) and Gram-negative E. coli cell (right) [19] 
 

Gram-positive bacteria have thicker multilayer cell walls than the single-layer cell walls 

of Gram-negative bacteria [20, 21]. They also have a large peptidoglycan structure, which 

accounts for the differential staining with the Gram stain method. Some Gram-positive bacteria 

are also capable of forming spores under harsh environmental conditions such as when there is 

limited availability of carbon and nitrogen. Therefore, spores allow bacteria to survive exposure 

to extreme conditions and can lead to reinfection (e.g., Pseudomembranous colitis) [22].   

 In addition to the small peptidoglycan layer, Gram-negative bacteria have an outer 

cytoplasmic membrane, which causes less permeability than in Gram-positive bacteria and 

results in the need for transportation mechanisms across it [23]. A unique and major component 

of the cytoplasmic membrane of Gram-negative bacteria is endotoxin. The survival of bacteria 

essentially depends on it. Endotoxin has three components: lipid A moiety, highly conserved 

core polysaccharide, and O antigen (also polysaccharide) [21]. Gram-negative bacteria strongly 

resist penicillin [22]. Figure 2.3 shows the difference between the cell wall structure of Gram-

positive and Gram-negative bacteria.  
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Figure 2.3: Cell-wall structures of Gram-positive and Gram-negative bacteria [23] 
 

2.2.4 Gram-Negative Bacteria 

In comparison to Gram-positive bacteria, Gram-negative bacteria show resistance against 

antibodies because of their impenetrable walls. The lipopolysaccharide (LPS) or endotoxin layer 

controls the pathogenic capability of Gram-negative bacteria. In humans, an innate immune 

response is triggered by LPS [17, 24]. Cytokine production characterizes this immune system. 

The immune system activates this way. Inflammation is a common result of cytokine (cell 

movement) production, which can also produce host toxicity [24]. The cell-wall structure of a 

Gram-negative bacterium is illustrated in Figure 2.4. 
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Figure 2.4: Structure of Gram-negative cell wall [17] 

2.2.5 Escherichia coli 

 Escherichia coli is a Gram-negative and anaerobic bacterium. Typically, it is rod-shaped 

and about 2.0 μm long and 0.5 μm in diameter, with a cell volume of 0.6–0.7 μm3. It can live on 

a wide variety of substrates. E. coli produces lactate, succinate, ethanol (EtOH), acetate, and 

carbon dioxide in anaerobic conditions by mixed-acid fermentation [25]. In mixed-acid 

fermentation, hydrogen gas is produced in many pathways. The level of hydrogen needs to be 

low in the case of E. coli living together with hydrogen-consuming organisms, such as 

methanogens or sulfate reducing bacteria [25]. Figure 2.5 shows the E. coli bacterium. 
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Figure 2.5: E. coli bacterium [25] 

2.2.6 Effect of E. coli on Human Body 

The most common places for Escherichia coli to be found are the intestines of humans 

and other animals. Among the various types of E. coli, few can cause disease. Disease-causing E. 

coli are grouped according to the different ways by which they cause illness [26]. A group of E. 

coli has been named as enterotoxigenic Escherichia coli, or ETEC. These ETEC produce special 

toxins that stimulate the lining of the intestines, causing them to secrete excessive fluid, thus 

producing diarrhea [26]. Two types of toxin are produced by ETEC: a heat-stable toxin (ST) and 

a heat-labile toxin (LT). Both toxins cause a similar illness. 

2.2.7 Protein Synthesis of E. coli  

 E. coli grows by binary fusion. It is simply the split of a single bacterium cell into two 

cells. At the molecular level, it happens with protein synthesis of the bacterial ribosome. The 

units that participate in protein synthesis are messenger RNA (mRNA), transfer RNA (tRNA), 

30S ribosomal unit, and 50S ribosomal unit [27].   

mRNA  

Also called messenger RNA, mRNA carries the code for the sequence of amino acid 

needed in protein [28]. This code is the genetic information for how to produce a new 



 

16 

polypeptide chain (protein strain). Then, it moves to the cytoplasm and attaches to the ribosome 

(protein making machine). 

tRNA  

Also called transfer RNA, tRNA collects amino acid from cell fluid and carries or 

transfers it to the mRNA. The amino acids carried by tRNA form the polypeptide or protein. 

Thousands of tRNA carry their own specific amino acid. On the other hand, a single mRNA 

controls the sequencing of amino acids [28]. 

2.2.8 Mechanism of Protein Synthesis  

The main mechanism of protein synthesis is somewhat similar to a train’s motion on a 

rail track through a tunnel. Here, tRNA is the train, mRNA is the rail track, and the 30S and 50S 

ribosomal subunits form the tunnel. During protein synthesis, the tRNAs move through the 

tunnel created by the two ribosomal subunits, 30S and 50S. They enter one side of this tunnel 

and are propelled along it during each step of the entire protein synthesis process [28, 29]. The 

three tRNA binding sites of the ribosome are A (acceptor), P (peptidyl), and E (exit) codons. 

These three codons are at intermediate spots in the tunnel. The mRNA binds to a groove at the 

bottom of the tRNA tunnel [28, 29, 30]. The entire mechanism of protein synthesis in bacteria, 

shown in Figure 2.6, is as follows: 

• Initially, one tRNA sits on the P codon. 

• Then, another tRNA comes and sits on the A codon. 

• The amino acid of the tRNA sitting on the P codon gets chained to the tRNA sitting 

on the A codon. 

• The tRNA of the P codon and the A codon change positions to the E codon and P 

codon, respectively. 
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• The tRNA sitting on the E codon leaves the mRNA and goes back to collect new 

amino acid from the cell fluid. 

• A new tRNA sits at the A codon. 

• Once initiated, step 6 is followed by step 3, and the cycle from steps 3 to 6 repeats 

itself. 

 

Fig 2.6: Protein synthesis mechanism in bacteria [30]  

 After each amino acid is added to the growing protein, the tRNAs move from one site to 

the next, and the mRNA must also move over one codon (three bases). This is how the next 

amino acid coded by the mRNA gets added to the protein. A protein factor called EF-G in 

prokaryotes creates the movement of the tRNA and mRNA. In the case of eukaryotes, this 

protein factor is called EF-2 [28, 31], which binds to the ribosome and consumes the energy 
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stored in the triphosphate group of guanosine triphosphate (GTP) to help propel the tRNA and 

mRNA along [31].  On the other hand, some protein factors, namely IF-1, IF-2, etc., push the 

50S subunit down. Therefore, the 50S falls on 30S, and the tunnel is created. Figure 2.7 shows 

how protein factors create motion on the ribosomal units. 

 

Figure 2.7: Push by elongation factor EF-G to tRNA [31] 

It has been found that parts of the ribosome also move as the tRNA and mRNA move. In 

fact, it is possible that EF-G causes these parts of the ribosome move and that these movements, 

in turn, produce the movement of the tRNAs and mRNAs [20, 31]. Interestingly, certain 

mutations of the ribosome (changes to the structure of the rRNA or proteins) affect its movement 

during translation and appear to cause a decrease in the accuracy of protein synthesis (for 

example, the wrong amino acids get put into the protein with increased frequency). Thus, the 

movements themselves may be directly tied to the mechanism by which the ribosome makes sure 

that the correct amino acid is being added to the protein at each point along the mRNA. The 

growing protein chain exits the ribosome through a second tunnel, this one at the top of the large 
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subunit. When protein synthesis ends, the binding of proteins, called release factors, is thought to 

induce the ribosome to release the finished protein into the cytoplasm. Exactly how the ribosome 

does this is unclear [31, 32]. 

2.3  Gentamicin 
 
 Gentamicin is a water-soluble antibiotic of the aminoglycoside class. It is widely used to 

treat serious infections caused mostly by Gram-negative bacteria, for example, E.coli, 

Pseudomonas, and Klebsiella bacteria [33]. It is also used to treat infections caused by some 

Gram-positive bacteria that are resistant to penicillin, such as Staphylococcus and Streptococcus 

[34]. It is derived from Micromonospora purpurea, which is an actinomycete. The formula of 

gentamicin is C21H43N5O7 , which is shown in Figure 2.8 [33].  

 

 

Figure 2.8: Structure of gentamicin sulfate  

2.3.1 Basics of Antibacterial Mechanism  

 As previously discussed in section 2.2, bacteria grow by protein synthesis; therefore, to 

stop the growth of bacteria, an antibiotic must stop its protein synthesis. Also, it was already 

mentioned that protein synthesis is like the motion of tRNA over a rail of mRNA through a 
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tunnel built by ribosomal subunits 30S and 50S. During the motion over mRNA, tRNA in the P-

site transfers its amino acid to the tRNA sitting on the A-site.  

If, somehow, it becomes possible to cause some disturbance inside the tunnel made by the 30S 

and 50S ribosomal subunits, the motion of tRNA will stop, so protein synthesis will stop, and the 

bacteria will die. This is exactly what gentamicin sulfate does to kill E.coli bacteria. The working 

mechanism of gentamicin is to bind strongly to the bacterial ribosome at the 30S-50S interface 

and prevent ribosomal activity. Gentamicin is not effective against anaerobic bacteria because its 

transport across bacterial cell membranes needs the presence of oxygen [30, 31, 32]. Figure 2.9 

shows the ribosomal structure during protein synthesis. 

 

Figure 2.9: Color-coded cryo-electron microscopy map of E. coli ribosome [32] 

2.3.2 Molecular Mechanism for Preventing Bacteria 

Gentamicin is an aminoglycoside. On the other hand, 30S and 50S subunits are made by 

16S rRNA with 21 polypeptides and 23S rRNA, 5S rRNA with 34 polypeptides respectively 

[34]. Aminoglycosides bind specifically to the amino acyl site (A-site) of 16S rRNA within the 

prokaryotic 30S ribosomal subunits and interfere with protein synthesis [35]. Figure 2.10 shows 

the hydrogen bond formation between 16S-rRNA and gentamicin sulfate. 
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Figure 2.10: (A) Structure of E. coli 70S ribosome consisting of 16S rRNA (orange), 23S rRNA 
(gray), and ribosomal proteins (green and cyan); square shows position of gentamicin bound to 

16S rRNA; (B) A-site decoding region in 16S rRNA; (C) structure of complexes between 
aminoglycosides (gentamicin C1a) and nucleotides in 16S rRNA (G1405 and A1408); and (D) 
structure of complexes between aminoglycosides (neomycin B) and nucleotides in 16S rRNA 

(G1405 and A1408. Dashed lines indicate probable hydrogen bonds [36]. 
 

Here, Figure 2.10 (B) shows the spot on the RNA chain where the antibacterial makes the 

hydrogen bond, and Figure 2.10 (C) shows the hydrogen bond between the rings of gentamicin 

with G1405 and A1408. The essential part of the A-site in the 30S ribosomal subunit consists of 

an asymmetric internal loop made up of three adenines: A1408 on one strand, and A1492 and 

A1493 on the other strand, framed by two G-C pairs (E. coli nomenclature).  The binding of a 

cognate tRNA to the A-site of the 30S ribosomal unit is composed of two distinct events. The 
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binding to the cognate tRNA results in a major rearrangement within the A-site in which A1492 

and A1493 flip out of the internal loop. This in turn induces a much slower second step leading 

to a tight binding involving a number of conformational changes within the ribosome that enable 

a precise fit of the tRNA within the A-site (decoding state) [36]. 

Aminoglycoside antibiotics (AGAs) that bind into the A-site stabilize a conformation of 

the internal loop very similar to the “on” state with the A1492, and A1493 flipped out of the 

internal loop. This allows other non-cognate tRNAs to bind and leads to a misreading of the 

mRNA and synthesis of faulty proteins. Although the interactions of the 2-deoxy streptamine 

AGA cores within the A-site are highly conserved across almost all AGAs, each individual AGA 

affects the dynamic structural changes within the ribosome occurring during translocation in a 

distinctly different way. Interestingly, the magnitude of the binding affinity of the AGA for the 

A-site itself seems to be less crucial for antibacterial potency, and the actual reduction of the 

mobility of A1492 is the determining factor, with higher reduction of mobility leading to more 

potent compounds [36, 37].  

Figure 2.11 shows the hydrogen bond interactions between paromomycin and bases. 

Hydrogen bonds are shown by dotted lines and these interactions include a stacking of ring I of 

paromomycin on G1491. Rings I to IV of paromomycin and the methylation site (N1 of A1408), 

which confers resistance, are labeled. In humans, the homologous bases of A1408 and G1491 are 

G and an A, respectively. Therefore, the hydrogen bonds between paromomycin and A1408 

cannot occur with the human counterpart, explaining the selectivity between bacteria and 

humans. Figure 2.11 was produced with Visual Molecular Dynamics software [38]. 
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Figure 2.11: Interactions between paromomycin and bases A1408 and G1491 of the A-site 
bacterial rRNA. 

 
2.4 Antibiotic-Antimycotic  

 An antibiotic-antimycotic (anti-anti) is used as a strong preventive against bacterial and 

fungal contamination. The combination of penicillin and streptomycin is highly effective against 

bacterial contamination of cell cultures. Penicillin works strongly against Gram-positive bacteria, 

and streptomycin works against Gram-negative bacteria. Amphotericin B prevents fungal 

contamination of cell cultures by inhibiting multi-cellular fungus and yeast [39].  

           Penicillin was produced by the purification of the genus Penicillium. It directly interferes 

with the turnover of the bacteria cell wall. Indirectly, it triggers the release of enzymes that cause 

further alteration of the cell wall. Streptomycin was originally purified from Streptomyces 

griseus. Streptomycin binds to the 30S subunit of the bacterial ribosome, which leads to the 

inhibition of protein synthesis and death in susceptible bacteria. Amphotericin B is an antifungal 

agent that prevents the growth of fungi and yeast by causing an increase in fungal plasma 

membrane permeability [39].  

 



 

24 

2.4.1 Penicillin 

The mechanism by which penicillin and other β-lactam antibiotics inhibit bacterial 

growth is by binding to specific transpeptidases that crosslink peptidoglycan. Penicillin plays a 

role as a steric analogue of the pentapeptide chain in growing peptidoglycan. It forms a stable 

penicilloyl-enzyme complex with peptidoglycan transpeptidase [40, 41]. Figure 2.12 shows the 

chemical structure of penicillin. 

  
 

Figure 2.12: Chemical structure of penicillin [39] 
 

 Peptidoglycan is the stress-bearing component of a bacterial cell wall. It is polymerized 

and modified by penicillin-binding proteins (PBPs). As part of this process, the PBPs help in 

creating the morphology of the peptidoglycan exoskeletons together with cytoskeleton proteins 

that regulate septum formation and cell shape [40]. The mechanism of shape determination 

involves differential protein localization and interactions with specific cell components. In 

addition, the low molecular weights of PBPs, by varying the substrates on which other PBPs act, 

alter peptidoglycan synthesis or turnover, with profound effects on morphology. 

2.4.2 Streptomycin 

 Streptomycin is another aminoglycoside. It works very effectively against Gram-negative 

bacteria. Streptomycin’s toxicity is low if it is taken orally [42]. Figure 2.13 shows the chemical 

structure of streptomycin. Because it is an aminoglycoside, its antibacterial mechanism is the 

same as gentamicin. 
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Figure 2.13: Streptomycin structure [43] 
 

2.4.3  Amphotericin B  

 Amphotericin B is a drug that works against systemic fungal infections. It was originally 

extracted from a filamentous bacterium named Streptomyces nodosus [44]. Among two 

amphotericin—amphotericin A and amphotericin B—only amphotericin B is used clinically 

because of its strong action in vivo. Figure 2.14 shows the chemical structure of amphotericin B.  

 
 

Figure 2.14: Chemical structure of amphotericin B [44] 
 

2.5 Polyelectrolyte 

Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked D-

glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). Figure 2.15 

shows the chemical structure of chitosan [45]. 

 
Figure 2.15: Chemical structure of chitosan [45] 
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Carboxymethyl cellulose (CMC), a cellulose gum, is a derivative with carboxymethyl 

groups (-CH2-COOH). This carboxymethyl group binds to some of the hydroxyl groups of the   

glucopyranose monomers that make up the backbone of cellulose [46]. Commonly it is used in 

the form of sodium salt, sodium carboxymethyl cellulose. Figure 2.16 shows the chemical 

structure of CMC [46]. 

 
 

Figure 2.16: Chemical structure of carboxymethyl cellulose [46] 
 

 The bond between chitosan and CMC is an electrostatic bond, as shown in Figure 2.17. 
 

 
 

Figure 2.17: Electrostatic bond between chitosan and CMC [47] 
 

2.6 Layer-by-Layer Coating 

 Layer-by-layer (LBL) self-assembly, also known as electrostatic self-assembly, is a 

technique to fabricate multilayer thin film. Multilayer formation by the dip-coating method 

occurs by the deposition of alternating layers of oppositely charged materials over the substrate 

with intermediate rinsing steps [48]. The advantage of LBL assembly is the flexibility of using a 

wide variety of charged materials including polyelectrolytes, metals, ceramics, nanoparticles, and 
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biological molecules. Also, with LBL assembly, there is a high degree of control over the 

thickness of layers in nanometer scale [49]. 

 
 

Figure 2.18: Layer-by-layer assembly [48] 

Substrates alternately dip in colloidal solutions containing anionic and cationic species. 

The bond between the alternating layers is an effect of electrostatic interactions. In the LBL 

deposition technique, there is no limitation in size and shape of these substrates. Deionized water 

cleans the loosely bonded particles from the substrate surface. Maintaining and controlling the 

same pH of the colloidal solutions and the adsorbed layers during the LBL process by rinsing 

improve the absorption of deposited films. 

2.7 Electrochemical Impedance Spectroscopy Analysis 

 The theory of electrochemical impedance spectroscopy (EIS) includes the following:  

• Alternating Current (AC) Circuit Theory and Representation of Complex Impedance 

Values  

• Physical Electrochemistry and Circuit Elements  

• Common Equivalent Circuit Models  

• Extracting Model Parameters from Impedance Data  

The experimental analysis of this thesis focuses on AC circuit theory [50]. Electrical resistance is 

the ability of a circuit to resist the flow of electrical current. According to Ohm’s law, resistance 

is defined in terms of the ratio between voltage E and current I:  

 E = IR (1) 
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where E is the potential difference, I is the current, and R is the resistance of the circuit. This 

simple equation is for a direct current circuit. Usually, electrochemical impedance is measured 

by applying an AC potential input to an electrochemical cell and measuring the current through 

the cell. Here, a sinusoidal potential excitation is applied as input to the cell. The response to this 

potential is an AC signal [50]. This current signal can be analyzed as a sum of sinusoidal 

functions (a Fourier series); therefore, in the case of an AC circuit, equation (1) becomes 

E = IZ 
 

where Z is the circuit impedance. The ideal resistance R is always a real number. But impedance 

Z is a complex number—the combined resistance of an AC circuit including plain resistance, 

capacitive reactance, and inductive reactance. If the excitation frequency is f, then the capacitive 

reactance is XC = 1 / 2πf C, and the inductive reactance is XL = 2πf L, where C and L are 

capacitance and inductance, respectively. The EIS analysis in this thesis dealt only with 

capacitive reactance along with plain resistance. The total impedance equation stands as   

Z = ZR+ ZC 

Figure 2.19 shows the corresponding circuit. 

 
Figure 2.19: Typical AC circuit for EIS analysis 

 
Here, the excitation signal is a function of time:  
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where Et is the potential at time t, E0 is the amplitude of the signal, and ω is the radial frequency. 

Radial frequency ω (radians/second) and frequency f (hertz) are related by the following 

equation [50]: 

 
 
The response signal will be  

 
 

where It  is the current at time t, I0 is the amplitude of the signal, and φ is the phase. The circuit 

impedance becomes 

 
 

On a Nyquist plot, impedance can be represented as a vector (arrow) of length |Z|. The 

angle between this vector and the X1axis, commonly called the “phase angle,” is φ. Figure 2.20 

shows a typical Nyquist curve, and the magnitude and phase angle of impedance Z [50]. 

 
 

Figure 2.20: Nyquist plot with impedance vector [50] 
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CHAPTER 3 
 

EXPERIMENT 
 
 

3.1 Basis of Experiment 

 The electrochemical impedance spectroscopy study of the corrosion parameters of a 

magnesium alloy involved a variety of test samples based on the self-assembled monolayer 

solution, number of layers, and heat treatment. The focus here was on detecting if any significant 

improvement of the corrosion properties correlated with the above factors. The types of sample 

used were as follows: 

• Bare Mg alloy 

• 12 Di-phosphonic acid (PA) SAM and 3 multilayer, 6 multilayer, and 9 multilayer-coated 

Mg alloy without heat treatment 

• 16 PA SAM and 3 multilayer, 6 multilayer, and 9 multilayer-coated Mg alloy without 

heat treatment 

• 12 Di-PA SAM and 9 multilayer-coated samples heated at 800C and 1250C, respectively. 

In this EIS analysis, all samples were tested to acquire both the Tafel and Nyquist curves. 

The Tafel curve provided the magnitude of the main corrosion parameters that were part of the 

Tafel equation. The entire experimentation is simply an electrochemical simulation of 

accelerated corrosion, and saved money and time.  

 In the antibacterial sensitivity test section, the Mg alloy loaded with gentamicin was 

tested in a different way so that the antibacterial effect could be clearly visible. AB resistance 

was determined by a visual observation on petri dishes. Table 3.1 explains the design of 

experiments based on type of polyelectrolyte coating and antibacterial treatment drug. The 

primary reason to coat some of the samples with SAM and PE is the corrosion issue. When Mg 
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loaded with any AB drug will be implanted in the human body, it needs to be free of any 

corrosion or degradation until a certain period of time. To solve this corrosion problem caused by 

human body fluid, SAM and PE coating is a prospective option.  

TABLE 3.1: SET OF SAMPLES WITH DIFFERENT POLYELECTROLYTE COATINGS 
AND ANTIBACTERIAL TREATMENTS 

 
 

AB Treatment 
 

Type of Coating 

Bare Mg SAM Polyelectrolyte SAM and PE  

None √ √ √ √ 

Gentamicin √ √ √ √ 

Gentamicin 
and UV  √ √ √ √ 

Gentamicin 
and Ethanol  √ X √ √ 

Gentamicin 
and Anti-Anti  √ X √ √ 

 
3.1.1 PE Coating 
 
 There are a few techniques for organic and composite coating on a magnesium alloy, 

such as spraying, painting, spin coating, electro deposition, and biomimetic coating, all of which 

are liquid or wet chemical coating procedures [51, 52]. Among these, the LBL dip-coating 

method, done manually, was chosen in this thesis. In a previous study, the LBL technique to 

deposit polyelectrolytes with an AB property was investigated.  A glass substrate was coated 

with cationic biguanide followed by anionic polystyrene sulfonate until there were 20 layers. 

Later, the glass substrate showed significant resistance against Proteus (a Gram-negative, rod 

shaped, glucose-fermenting bacterium) [53].  

3.1.2 Drug-Loading Method  

 Every piece of  Mg alloy substrate (coated or uncoated) was immersed in 10% 

gentamicin sulfate solution in different beakers of 100 ml volume capacity, and all beakers were 
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kept inside a vacuum for a certain period of time. The other two anti-microbial treatments (EtOH 

and anti-anti) were simply immersed in a solution of the drug without any vacuuming. 

 3.1.3 Antibiotic Sensitivity Testing Methods 

A few types of antibiotic sensitivity testing methods are currently available [54]: 

• Dilution  

• Disk diffusion  

• E-test 

• Automated antimicrobial susceptibility  

• Mechanism specific  

• Genotypic  

In the experiment in this thesis, the disk diffusion method was chosen because it is 

convenient, efficient, and less expensive. This method is probably the most common method for 

determining antimicrobial resistance in private veterinary clinics. First, a growth medium is 

uniformly seeded over the entire plate with the isolate of interest. Then the isolate is diluted at a 

standard concentration (approximately 1 to 2 x 108 colony-forming units per ml) [54].  The test 

antibiotic immediately begins to diffuse outward from the disks, creating a gradient of antibiotic 

concentration in the growth medium. The highest concentration is found close to the disk, and 

decreasing concentrations are found further away from the disk. After an overnight incubation, 

the bacterial growth around each disc is observed.  If the test isolate is susceptible to a particular 

antibiotic, a clear circular area of “no growth” will be observed around that particular disk.  

The zone around an antibiotic disk that has no growth is referred to as the “zone of 

inhibition,” since this approximates the minimum antibiotic concentration sufficient to prevent 

growth of the test isolate.  This zone is then measured in mm and compared to a standard 
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interpretation chart used to categorize the isolate as susceptible, intermediately susceptible, or 

resistant.  The minimum inhibitory concentration measurement cannot be determined from this 

qualitative test, which simply classifies the isolate as susceptible, intermediately susceptible, or 

resistant.  

3.2 Materials and Equipment 

 The following materials were used in the experimentation: 

• Mg Alloy: AZ31 

• Cationic polyelectrolyte: Chitosan 

• Anionic polyelectrolyte: CMC 

• Dimethyl sulfoxide (DMSO)  

• 12 Di-PA 

• Acetone, Acetic Acid 

• DI Water  

• Phosphate buffer solution (PBS) capsule 

• Gentamicin sulfate  

• Anti-anti 

• Ethanol 

• E. coli 

• Medium 

Dimethyl sulfoxide is an organosulfur compound with the formula (CH3) 2SO. This 

colorless liquid is an important polar aprotic solvent that dissolves both polar and nonpolar 

compounds and is miscible in a wide range of organic solvents as well as water [55]. Figure 3.1 

shows the chemical structure of DMSO.  
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Figure 3.1: Chemical structure of dimethyl sulfoxide [55] 

Gentamicin is an aminoglycoside antibiotic complex produced by fermentation of 

Micromonospora purpurea or M. echinospora. It is a mixture of three major components 

designated as C1, C1a, and C2. The ratios of the three main components formed from high-

performance liquid chromatography analysis are as follows:  C1 < 45 %, C1a < 35% , and C2 < 

30% [56]. Table 3.2 contains the molecular data of all three components of gentamicin sulfate, 

and some of its product specifications follow [34]: 

• Storage temperature:    2–80C 

• Melting point:    218–237 0C 

• Solubility in water:    50 mg/ml 

• Long-term storage temperature:  -200C 

• Stability of stock solutions:   37°C for 5 days 

Table 3.2: MOLECULAR DATA OF GENTAMICIN SULFATE [56] 

 Gentamicin C1 Gentamicin C1a Gentamicin C2 

Molecular Formula C21H43N5O7 C19H39N5O7 C20H41N5O7 

Molecular Weight 477.6 449.5 463.6 
 
Anti-anti is a solution that contains 10,000 units/ml of penicillin, 10,000 µg/ml of 

streptomycin, and 25 µg/ml of amphotericin B [39]. 

The following equipment were used in the experimentation: 

• Weighing machine 
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• Magnet stirrer and hot plate 

• SEM 

• Ultrasonic cleaner 

• Water bath 

• Biological safety cabinet 

• Vacuum bowl and compressor 

• Incubator 

• GAMRY Reference 600 potentiostat /galvanostat 

• GC30 laboratory oven 

3.3 Experimental Procedure 

SAM Coating 

The SAM coating procedure involving a 2 mmol solution of 12 Di-PA in DMSO was as 

follows: 

• First, the Mg alloy samples were ultrasonically cleaned for 10 minutes each in acetone 

and ethanol. 

• Then, the ultrasonically cleaned samples were rinsed with DI water and DMSO. 

• Then, the samples were immersed in the SAM solution for the next 48 hours in a water 

bath kept at 350C. 

• When a SAM layer formation was complete, the samples were rinsed with acetone and 

DI water and then air dried. 

Polyelectrolyte Coating  

 For the polyelectrolyte coating,  a chitosan solution was prepared from 1.5 g of chitosan 

in 1,000 ml of DI water with 5 ml of acetic acid. A CMC solution was prepared from 1.5 g of 
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CMC in 1,000 ml of DI water. A hot plate and magnet stirrer were used to mix the ingredients of 

both solutions well.  The dip-coating sequence was as follows: 

• First, the bare magnesium or SAM-coated Mg substrate was immersed in cationic 

polyelectrolyte (chitosan) for 10 minutes.  

• Then, the substrate was rinsed in DI water for 6 minutes. 

• Then, the substrate was immersed in anionic polyelectrolyte (CMC) for 10 minutes. 

• Finally, the substrate was rinsed again with DI water for 6 minutes.  

Figure 3.2 shows the above sequence of LBL formation by dip coating, which is how a 

single layer is formed by electrostatic bonding between positive and negative sub layers of 

chitosan and CMC, respectively. If more layers are needed, then the process is repeated, 

beginning with step 1. It is important to remember that while the substrate is immersed in a 

cationic solution, bubbles forming on the substrate surface indicate that the coating is not good. 

Therefore, the substrate must be stirred continuously. In this thesis experimentation, a glass rod 

was used to stir the Mg substrate. 

 

Figure 3.2: LBL assembly by dip coating on metal substrate [48] 
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UV Treatment 

 All UV-treated samples were placed inside the biological safety cabinet for 1 hour in 

total. The Thermo Scientific 1300 Series A2 biological safety cabinet was used for the UV 

treatment purposes. Both surfaces of the samples were exposed to the UV light for 30 minutes on 

each side. 

Gentamicin Loading 

A simple vacuum bowl was used as the vacuum chamber. All the air inside of the bowl 

was pumped out using a compressor. Each single sample was placed in a single beaker  

containing the 10% gentamicin sulfate solution in DI water, which meant that 5 g of gentamicin 

sulfate was dissolved in 45 ml of DI water. Then all beakers containing the Mg sample immersed 

in the gentamicin sulfate solution were put in the vacuum bowl,  which was covered and sealed. 

A vacuum was created inside by pumping air out of the bowl. The beakers were left inside the 

vacuum for 30 minutes. Then, all samples were taken out of the solution and air dried.  This 

loading process is shown in Figure 3.5. 

 

Figure 3.3: Gentamicin sulfate loading in vacuum condition 
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Anti-Anti and Ethanol Loading 

Some of the samples were immersed in the anti-anti solution, and some were immersed in 

70% ethanol. This process was very much the same as for gentamicin loading but was done in a 

sterile condition inside a biological safety cabinet instead of using a vacuum. The samples that 

were anti-anti or ethanol loaded were loaded with gentamicin in a sterile, but not vacuum, 

condition.  

Bacteria Medium Preparation 

 Miller broth in the amount of 25 mg was diluted with 1,000 ml of DI water to form a 2.5 

% LB dilution. 

Disk Preparation 

 For every single petri dish, 200 microliters of the LB dilution were used. The dilution 

changed to gel overnight, and the bacteria were cultured in a tube containing 0.25% solution of 

Miller broth. 

Incubation of samples 

 Samples were placed on a gel medium after the bacteria were seeded over the entire plate.  

All petri dishes were incubated at 370C and kept there for a maximum of 10 days. 
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CHAPTER 4 

RESULTS AND DISCUSSION  
 
 

4.1 EIS Analysis Result 

A material characterization of the samples was performed before the samples were 

analyzed with electrochemical impedance spectroscopy. A number of SEM images based on 

different types of SAM solutions, number of layers, and heat treatment were taken. Then, all 

samples were tested with EIS. This analysis is an electrochemical simulation of corrosion, which 

saves on cost and time. 

4.1.1 SEM Images of Samples at Room Temperature 

Figures 4.1, 4.2, and 4.3 show the surface of the magnesium alloy samples which are 

bare, only SAM-coated, and 3 polyelectrolyte layers-coated plus SAM-coated, respectively. All 

images indicate a magnification scale of 1 μm.  

 

 
 

Figure 4.1: SEM image of bare magnesium alloy, 1 μm scale 
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Figure 4.2: SEM images of only SAM-coated samples, 1 μm scale 
 
 
 

 
 

Figure 4.3: SEM images of combination of SAM- and 3 multilayer-coated samples, 1 μm scale 
 
 Figures 4.4 and 4.5 show SEM images of hybrid-coated magnesium alloys: SAM- and 6 

multilayer-coated sample, and SAM- and 9 multilayer-coated sample, respectively.  The 

magnification scale of these images was 1 μm.  
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Figure 4.4: SEM images of combination of SAM- and 6 multilayer-coated samples, 1 μm scale 
 
 

 
 

Figure 4.5: SEM images of combination of SAM- and 9 multilayer-coated samples, 1 μm scale 
 

Figures 4.6 and 4.7 show how the surface images changed with respect to an increase in 

polyelectrolyte layers. Figure 4.6 shows the contrast of 16 PA SAM-coated samples, and Figure 

4.7, shows the contrast of 12-Di PA SAM-coated samples. Thickness was recorded from the 

cross-sectional scanning of the samples.  Figure 4.8 shows SEM images of the cross-sectional 

view of the measured combination of the 12 Di-PA SAM and 9 polyelectrolyte layer-coated 
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sample. The approximate measurement was 16.84 μm. The magnification scale of all three SEM 

images was 10 μm. 

 

 
 

Figure 4.6: SEM images of contrast of 16 PA-coated samples, 10 μm scale 
 

 
 

Figure 4.7: SEM images of contrast of 12 Di-PA-coated samples, 10 μm scale 
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Figure 4.8: SEM images of cross-sectional view of bare Mg alloy sample, and combination of 12 
Di-PA SAM- and 9 polyelectrolyte layer-coated sample, 10 μm scale 

 
 Figure 4.6 shows an overlay of the 16 PA-coated sample SEM images, while Figure 4.7 

shows an overlay of the 12 Di-PA-coated sample SEM images, both at10 μm scale. In both 

cases, it was found that the SAM layer provided better fineness over the surface of the substrate. 

This surface fineness indicates SAM’s effectiveness as a surface modification method. The 

polymer layers also appeared smooth.  No other surface irregularity was observed. Figure 4.5 

showed that the 16 PA SAM and 9-layer-coated sample had some cracks on the surface, while 

the 12 Di-PA sample had no cracks at the same magnification scale of 2 μm. Hence, it can be 

concluded that the 16 PA SAM layer does not bind to the cationic polyelectrolyte layer 

(chitosan) as strongly as does 12 Di-PA SAM. The formulas of 12 Di-PA and 16 PA samples are 

C12H28O6P2 and C16H33O5P, respectively. Figure 4.9 clearly shows that the 12-Di PA sample has 

a phosphate tail on each end, while 16 PA has only one tail. Therefore, the attachment between 

chitosan and 12 Di-PA is stronger than that between chitosan and 16 PA. This could be the 

possible reason for the crack in 16 PA-coated samples. 
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Figure 4.9: Chemical structure of 16 PA and 12 Di-PA [57] 
 

 In Figure 4.10, the microstructure of CMC layer on LiFePO4 and Li4T15O12 at a scale 

of 10 μm [64] can be seen. Comparing it with Figure 4.5, it can be deducted that the dip-coating 

method provided better surface uniformity and less porosity. 

 
 

Figure 4.10: SEM images of LiFePO4 electrodes based on CMC (upper panels) and 
Li4Ti5O12 electrodes based on CMC (lower panels) [58]. 

 
4.1.2 SEM Images of Heat-Treated Samples 
 

A comparison of Figures 4.11 and 4.12 clearly shows that heat treatment significantly 

reduced porosity of the polyelectrolyte layers. All SEM images in Figures 4.11 and 4.12 are at 

the same magnification scale of 2 μm. Figure 4.11 showed how the surface appears at 2 μm scale 

at room temperature for a sample coated with a combination of 12 Di-PA SAM and 9 

polyelectrolyte multilayer. The reason for this appearance could be that trapped air in the 

polyelectrolyte layers bubbled up due to heat. Otherwise, heat treatment did not significantly 

change the surface fineness. 
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Figure 4.11: SEM image of 12 Di-PA and 9 multilayer-coated sample at room temperature,  
2 μm scale 

 
 

 
Figure 4.12: SEM images of 12 Di-PA and 9 multilayer-coated samples at 800C and 1250C,  

2 μm scale 
 
4.1.3 EIS Analysis Result for Samples at Room Temperature  
 
 From the Figures 4.13 and 4.14, Nyquist curves indicate that the coating failure pattern is 

almost the same for all of the test samples. The curves in both figures were standardized. Table 



 

46 

4.1 shows that the values of the Tafel equation parameters were determined by electrochemical 

corrosion simulation. Every parameter, including constant and variable, is material dependent. 

 

 
 

Figure 4.13: Nyquist overlay of 16 PA SAM-coated and non-heat-treated samples 
 
 

 
 

Figure 4.14: Nyquist overlay of 12 PA SAM-coated and non-heat-treated samples 
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TABLE 4.1: TAFEL PROPERTIES OF COATED Mg ALLOY WITHOUT HEAT 
TREATMENT 

 

Sample 
Name 

Beta-A 
(volts/decade) 

Beta-C 
(volts/decade) 

Icorr 
(µA) 

Ecorr 
(mV) 

Corrosion 
Rate 

(mpy) 
Plain Mg 0.998 1.163 844 -790 738 

16 PA 

Only SAM 2.034 2.034 10,030 -1550 903.4 

3 Layer 1.371 0.653 326.0 -562.0 28.48 

6 Layer 1.638 1.916 9520 -1550 833.2 

9 Layer 0.707 0.843 3450 -1560 301.5 

12 Di-PA 

Only SAM 1.622 1.964 8520 -1550 745.0 

3 Layer 1.001e15 0.367 62 -1340 5.377 

6 Layer 2.833 0.246 1290 -1480 111.7 

9 Layer 1.183 0.273 836.0 -1470 72.56 
 

 Figures 4.13 and 4.14 show the comparison of corrosion rates between various types of 

samples without heat treatment using EIS. It was found that the 3 multi-layered samples deviated 

from the gradual decrement rate of corrosion, with a big difference in both 12-Di PA and 16 PA 

SAM cases. Although the decrement of corrosion rate was not significant according to the 

requirement of corrosion resistance, polyelectrolyte layers decreased the corrosion rate. 

Surprisingly, for the sample with 16 PA SAM only, the corrosion rate was higher than bare Mg 

alloy sample. This deviation is statistically valid for each type, because at least two samples were 

tested and a similar result was found. The reason for such a drastic decrement of corrosion rate is 

yet to be investigated. From Figure 4.15, it can be seen that the Tafel curve for 16 PA SAM- and 

3 layers-coated sample is quite deviated from the others. Figure 4.16 shows that the patterns of 

Tafel curves for the 12 Di-PA samples are quite close to each other. Otherwise, the corrosion rate 



 

48 

behaved inversely with an in the number of polyelectrolyte layers. Therefore, this study indicated 

that a combination of chitosan/CMC coating is weak against simulated body fluid or phosphate 

buffer saline.   

 
 

Figure 4.15: Tafel overlay of 16 PA SAM-coated and non-heat-treated samples 
 

 
 

Figure 4.16: Tafel overlay of 12 PA SAM-coated and non-heat-treated samples 
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Figure 4.17 shows a comparison of corrosion rates among non-heat-treated samples. 
 

 
 

Figure 4.17: Comparison of corrosion rates for non-heat-treated samples 
 

 In another experiment, the electrochemical behavior of extruded AZ31E and AZ91E 

alloys in phosphate buffer saline solution of pH 7.4 at 370C [59] was investigated. The behavior 

of the two alloys was studied with immersion time by using electrochemical impedance 

spectroscopy. Polarization measurements were carried out to study the corrosion rate, which 

confirmed with EIS that the corrosion resistance of the AZ91E alloy is higher than that of the 

AZ31E alloy. Also, the effect of adding 10-3 M concentration of 2-thiouracil and L-tyrosine as 

an inhibitor in the PBS solution for AZ91E alloy was studied, and it was found that corrosion 

was inhibited more with the addition of L-tyrosine than with 2-thiouracil [59]. 

 Corrosion resistance of the AZ31E alloy increases with immersion time in the PBS 
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decreases sharply until five days. Corrosion resistance of the AZ91E alloy is much better than 

that of the AZ31E alloy in the PBS solution [59]. Corrosion of the AZ91E alloy in the blank can 

be effectively inhibited by the addition of 1 mmol 2-thiouracil or 1 mmol L-tyrosine. However, 

L-tyrosine is much more effective than 2-thiouracel as an inhibitor. Polarization results strongly 

confirm the impedance data. The results of this experiment conform to the results found in the 

EIS study for the AZ31 sample [59]. 

On the other hand, in a previous experiment, novel tri-component composite membranes 

of chitosan/carboxymethyl cellulose (CHI/CMC) polyelectrolyte filled with different weight 

ratios of nano-hydroxyapatite (n-HA) (0, 20, 40, and 60 wt.%), namely, the n-HA/CHI/CMC 

composite membrane, were prepared by self-assembly using static electricity [60]. The structure 

and properties of the composite membranes were investigated by Fourier transform infrared 

spectroscopy, x-ray diffraction, scanning electron microscopy, mechanical performance 

measurement, swelling behavior test, and a soaking behavior study in phosphate buffered saline 

and simulate body fluid [60]. Results of those experiments showed that the n-HA/CHI/CMC 

composite membrane was formed though a superficial static electricity interaction among n-HA, 

CHI, and CMC. For the n-HA/CHI/CMC composite membrane, the microstructure compatibility, 

mechanical property, swelling behavior, degradation, and bioactivity in vitro of the composite 

membrane were improved with the addition of n-HA, compared to the CHI/CMC polyelectrolyte 

complex membrane. Moreover, the n-HA/CHI/CMC composite membrane with 40 wt.% n-HA 

had the highest mechanical property, which suggested that the novel n-HA/CHI/CMC composite 

membrane with 40 wt.% n-HA was more suitable for use as a guided bone tissue regeneration 

membrane than a CHI/CMC polyelectrolyte complex membrane [60]. 
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In addition to the necessity of hydroxyapatite in the coating combination, one property of the 

polyelectrolyte is also highly desirable. This property is the di-electric constant. In the EIS 

analysis, much of the impedance is expected from capacitive reactance. Capacitive reactance is 

the part of total circuit impedance that is produced by the polyelectrolyte coating. We already 

know that capacitive reactance is XC = 1 / 2πf C, where C is the capacitance. The formula of 

capacitance is [61]  

 
 

where d is the thickness of the coating, and εr is the di-electric constant of the polymers. 

This indicates that the optimization of the polymer’s di-electric constant, the number of coating 

layers, and the application of hydroxyapatite will ensure the expected scale of corrosion 

resistance against human body fluid. 

4.1.4 EIS Analysis Results for Heat-Treated Samples  

 Table 4.2 shows EIS analysis results for 9 multilayer 12 PA SAM-coated heat-treated 

samples. 

TABLE 4.2: EIS ANALYSIS RESULTS FOR 9 MULTILAYER 12 PA SAM-COATED 
HEAT-TREATED SAMPLES 

 

 Beta A 
(volts/decade) 

Beta B 
(volts/decade) 

Icorr 
(amp) 

Vcorr 
volts) 

Corrosion 
Rate 

(mpy) 
Heated to 

800C 0.8846 1.1324 0.00275 -1.55 322.96 

Heated to 
1250C 26.1418 0.8261 0.00249 -1.47 292.78 

 
 Comparing the results of heat treated samples in Tables 4.1 and 4.2, it can be seen that 

the heat-treated sample shows a higher corrosion rate (322 mpy at 800C and 292.78 mpy at 

1250C) compared to that of the non-heat-treated (72 mpy) sample. From Figure 4.18, it can be 
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seen that the corrosion current of the heat-treated samples is smaller in magnitude than the 

corrosion current of the bare sample at room temperature. As was found earlier in the SEM 

images, heat treatment reduced the porosity of the coating layers, and better corrosion resistance 

was expected. Simultaneously, the main purpose of heat treatment was to create cross-linking 

between the polyelectrolytes. However, results showed the inverse situation. The reason behind 

that could be a future matter of investigation. 

 
 

Figure 4.18: Tafel overlay of samples heated at 800C and 1250C, and plain sample at room 
temperature 
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and checking with the Standard Antibiotic Susceptibility Zone Diameter Measurement Chart, a 

decision about the AB effect of the disk can be reached—whether it is resistant, intermediate, or 

susceptible [62, 63]. Figure 4.20 shows how to measure the diameter of the zone of the 

inhibition. The right side of the E.coli isolate, as shown in Figure 4.19, has a zone of inhibition 

of 10.1 mm, approximately that of ampicillin. The zone diameter interpretation chart is as 

follows for ampicillin [54]:   

• Resistant: 13 mm 

• Intermediate: 14–16 mm 

• Sensitive: 17 mm or more 

 
 

Figure 4.19: Comparison of E. coli isolate against ampicillin [54] 
 
 

 
 

Figure 4.20: Zone of inhibition [63] 
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Table 4.3 provides the standard diameter values of the zone of inhibition required for different 

categories of antibacterial resistance. For this thesis,  a square-shaped Mg alloy substrate was 

used instead of only the antibacterial disk. In some cases, the zone of inhibition appeared to be 

circular, but not exactly a circle. Figure 4.21 shows the four different orientations, from which 

the diameters we recorded. 

TABLE 4.3: ANTIBIOTIC SUSCEPTIBILITY ZONE FOR GENTAMICIN [64] 
 

Antibiotic Zone Diameter Standards 
(mm) 

Control 
Zone 

Diameter 
Limits (mm) 

 
Gentamicin 

 

Antibiotic 
Code Resistant Intermediate Susceptible 

 
E.coli 

 

For testing 
enterococci  

 
GM-120 

 

 
< 6 

 
 

 
7–9 

 
 

 
> 10 

 
 

 
N/A 

 
 

For other 
organisms GM-10 < 12 13–14 > 15 19–26 

 
 
 

 
 

Figure 4.21: Zone of inhibition for square-shaped metal substrate 
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As Figure 4.21 shows, for square-shaped samples, the diameter of the zone of inhibition was 

measured from four particular angles: horizontal, vertical, along corner 1, and along corner 2. 

The diameters—Dh, Dv, Dc1, and Dc2, respectively—were measured and then averaged. But the 

minimum diameter among the four was noted, especially if it was above the standard resistant 

zone diameter or not according to Standard Antibiotic Susceptibility Zone Diameter 

Measurement Chart. If it was less, then all values were rejected. 

 The following results are described in order, based on the type of antibacterial treatment 

coating on the Mg alloy substrate. For all results, the diameter of the zone of inhibition was 

measured after seven days of incubation. Figure 4.22 shows a petri dish containing samples in a 

bacteria medium on day zero. Typically on day zero, all petri dishes were visually the same 

regarding bacteria growth .  

 
 

Figure 4.22: Typical day-zero petri dish  
 

4.2.2 Result for Samples without Antibacterial Treatment 
  
 Figure 4.23 shows that the petri dish surface has been infected thoroughly with E. coli. 

This image was taken after 7 days of incubation at 370C, and none of the samples were loaded 
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with any antibacterial drug. Table 4.4 shows the results for these samples without any 

antibacterial treat in terms of zone-of-inhibition diameter. It was a matter of interest to see if 

polyelectrolytes and SAM could produce any antibacterial resistance in the case of the coated 

samples. Results showed no signs of that occurring.  

 
 

Figure 4.23: Samples without antibacterial treatment after 7 days 
 
 

 TABLE 4.4: RESULTS FOR SAMPLES WITHOUT ANTIBACTERIAL TREATMENT  
 

No Antibacterial 
Treatment 

Type of Coating 

Bare Mg SAM Polyelectrolyte 
Coating 

SAM and 
PE Coating 

Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dh 0 

0 

0 

0 

0 

0 

0 

0 
Dv 0 0 0 0 

Dc1 0 0 0 0 

Dc2 0 0 0 0 
 



 

57 

4.2.3 Results for Gentamicin Sulfate-Loaded Samples 
  
 Figure 4.24 shows the petri dish surface containing gentamicin sulfate samples loaded by 

vacuum. This image was taken after 7 days of incubation at 370C. Table 4.5 shows the results for 

gentamicin sulfate-loaded samples in terms of zone-of-inhibition diameter. 

 
 

Figure 4.24: Sample with gentamicin sulfate 
 

TABLE 4.5: RESULTS FOR GENTAMICIN SULFATE-LOADED SAMPLES  
 

Only 
Gentamicin 

Sulfate  

Type of Coating 

Bare Mg SAM Polyelectrolyte 
Coating 

SAM and 
PE Coating 

Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dh 40 

> 40 

∞ 

∞ 

41 

> 41 

41 

41 
Dv ∞ ∞ ∞ ∞ 

Dc1 ∞ ∞ ∞ ∞ 

Dc2 ∞ ∞ ∞ ∞ 
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4.2.4  Results for UV-Treated and Gentamicin-Loaded Samples  
 

Figure 4.25 shows the petri dish surface containing UV-treated samples loaded with 

gentamicin sulfate by vacuum. This image was taken after 7 days of incubation at 370C. Table 

4.6 shows results for the same in terms of zone-of-inhibition diameter. 

 
 

Figure 4.25: UV-treated and gentamicin-loaded samples  
 
 

TABLE 4.6: RESULTS FOR UV-TREATED AND GENTAMICIN SULFATE-LOADED 
SAMPLES   

 

UV Treatment 
and 

Gentamicin 
Sulfate  

Type of Coating 

Bare Mg SAM Polyelectrolyte 
Coating 

SAM and 
PE Coating 

Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dh 46 

> 46 

∞ 

∞ 

41 

> 50 

41 

50 
Dv ∞ ∞ ∞ ∞ 

Dc1 ∞ ∞ ∞ ∞ 

Dc2 ∞ ∞ ∞ ∞ 
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4.2.5 Results of Anti-Anti- and Gentamicin Sulfate-Loaded Samples 
 

Figure 4.26 shows two samples on a  petri dish. None of these samples were 

polyelectrolyte- or SAM-coated. The left-hand sample was loaded with a combination of 70% 

ethanol-gentamicin, and the right-hand sample was loaded with a combination of anti-anti 

gentamicin. The zones of inhibition are clearly visible on the petri dish surface. The yellowish 

portion of the petri dish is infected and the rest is not. In both cases, the samples were loaded 

under a sterile non-vacuum condition inside a biological safety cabinet. This image was taken 

after 7 days of incubation at 370C. Table 4.7 shows the results of the same in terms of zone-of-

inhibition diameter. 

 
 

Figure 4.26: Bare magnesium with ethanol and gentamicin sample (left) and anti-anti gentamicin 
sample (right) 
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TABLE 4.7: RESULTS FOR ANTI-ANTI- AND GENTAMICIN SULFATE-LOADED 
SAMPLES 

 

Anti-Anti and 
Gentamicin 

Sulfate  

Type of Coating 

Bare Mg SAM Polyelectrolyte 
Coating 

SAM and 
PE Coating 

Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dh 42 

39.5 

∞ 

∞ 

27 

28.25 

27 

    
28.33 

Dv 32 ∞ 27 28 

Dc1    43 ∞ 29 ∞ 

Dc2 41 ∞ 30 30 
 

Figure 4.27 shows that the sample on the right hand side of the petri dish was coated with 

a combination of 6 polyelectrolyte layers and 12 Di-PA SAM. This sample was loaded with a 

combination of anti-anti and gentamicin in a sterile non-vacuum condition. The image was taken 

after 7 days of incubation at 370C. Table 4.7 includes the result of the same in terms of zone-of-

inhibition diameter. Figure 4.27 shows that the right-hand sample is similar to the one shown in 

Figure 4.28, but is coated with only 6 polyelectrolyte layers. Table 4.7 shows results for anti-

anti- and gentamicin sulfate loaded samples 

 
Figure 4.27: PE- and SAM-coated sample with anti-anti and gentamicin (right) 
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Figure 4.28: PE-coated sample with anti-anti and gentamicin (right) 
 
4.2.6 Result of Ethanol and Gentamicin Sulfate-Loaded Samples  
 

Figure 4.29 shows that the sample on the right hand side of the petri dish was coated with 

a combination of 6 polyelectrolyte layers and 12 Di-PA SAM. The sample was loaded with a 

combination of 70% ethanol and gentamicin in a sterile non-vacuum condition. This image was 

taken after 7 days of incubation at 370C. Figure 4.30 shows that the right hand sample is similar 

to the one in Figure 4.31, but coated with only 6 polyelectrolyte layers. Table 4.8 includes the 

result of the same in terms of zone-of-inhibition diameter.  
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Figure 4.29: PE- and SAM-coated samples with ethanol and gentamicin sulfate (right) 
 

 
 

Figure 4.30: PE-coated samples with ethanol and gentamicin sulfate (right) 
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TABLE 4.8: RESULTS FOR ETHANOL- AND GENTAMICIN SULFATE-LOADED 
SAMPLES 

 

Ethanol and 
Gentamicin 

Sulfate  

Type of Coating 

Bare Mg SAM Polyelectrolyte 
Coating 

SAM and 
PE Coating 

Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dangle 

(mm) 
Davg 

(mm) 
Dh 42.5 

42.125 

∞ 

∞ 

35 

35.5 

36 

    
37.5 

Dv 42 ∞ 37 38 

Dc1    40 ∞ 34 37 

Dc2 44 ∞ 36 39 
 

4.2.7 Comparison of the Results 
 
 Here, based on the results found from the Tables 4.2, 4.3, 4.4, 4.5 and 4.6, we plotted the 

zone of inhibition diameters on separate bar charts in the Figures 4.31, 4.32, 4.33, 4.34 and 4.35 

respectively. Figure 4.31 shows an empty chart because the whole zone of the petri dish was 

infected in case of the samples without any antibacterial. 

 
 

Figure 4.31: Comparison of Results for sample without antibacterial treatment 
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Figure 4.32 shows the polyelectrolyte-coated sample having the highest zone of inhibition 

diameter, while the sample without any coating has the lowest diameter. The bar chart pattern in 

the Figure 4.33 is exactly same as the Figure 4.34. Both figures indicate that the chitosan/CMC 

combination activates antibacterial resistance to some extent in addition to gentamicin. SAM is 

acting as an AB effect reduction factor in both cases.  

 
 

Figure 4.32: Comparison of results for gentamicin-loaded samples only  
 

 
 

Figure 4.33: Comparison of results for UV-treated and gentamicin-loaded samples 
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Figure 4.34 shows that in the combination of antianti-gentamicin, addition of antianti acts 

inversely. Some interaction issues are involved in this AB effect reduction incident: interaction 

between gentamicin and antianti, interaction between gentamicin and polyelectrolyte, and 

interaction between antianti and polyelectrolyte. The bar chart pattern in the Figure 4.34 is 

almost same as the Figure 4.35. Figure 4.35 shows the bar chart for the zone of inhibition 

diameters of the samples loaded with a combination of 70% ethanol and gentamicin. Interactions 

among ethanol, gentamicin, and polyelectrolytes are involved same way as the antianti-

gentamicin combination in this AB effect reduction incident. Figure 4.36 shows the comparison 

of the zone of inhibition diameter of all the samples irrespectively. 

 
 

Figure 4.34: Comparison of Results for Gentamicin and Anti-Anti loaded Samples 
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Figure 4.35: Comparison of Results for Gentamicin and Ethanol loaded Samples 
 

 
 

Figure 4.36: Comparison of the Results 
 

From Figure 4.35, we found no antibacterial resistance at all for the samples, either bare 

or coated with polyelectrolyte and SAM.  But based on a previous research, it was a matter of 

32

34

36

38

40

42

44

Bare PE PE & SAM

D
ia

m
et

er
, m

m
 

Gentamicin & Ethanol 

0

10

20

30

40

50

60

Bare PE PE &
SAM

D
ia

m
et

er
, m

m
 

Comparison of all the samples 

No Antibacterial

Only Gentamicin

Gentamicin & UV
Treatment
Gentamicin & AntiAnti

Gentamicin & Ethanol



 

67 

interest to observe, if polyelectrolyte-coated samples provide any antibacterial resistance or not. 

From a previous experiment, antimicrobial effect of Chitosan against foodborne pathogens has 

been investigated. MICs of chitosan against foodborne pathogens were determined by disk 

diffusion method using both agar dilution and broth microdilution. A water-soluble Chitosan (43 

kDa) was found to be the most effective one against Escherichia coli O157:H7 and Salmonella 

enterica, especially using the agar dilution method [65]. 

 
On the other hand we learned from a previous experiment that the crystalline and 

structural properties of chitosan-metal complexes were different from those of chitosan, and the 

–NH2, -OH groups in chitosan molecule were considered as the dominating reactive sites. In 

vitro antimicrobial activities of the  obtained chitosan-metal complexes, which were found to be 

much better than free chitosan and metal salts, were examined against two Gram-positive 

bacteria (S. aureus and S. epidermidis), two Gram-negative bacteria (E. coli and P. aeruginosa) 

and two fungi (C. albicans and C. parapsilosis). Results indicated that the inhibitory effects of 

chitosan-metal complexes were dependent on the property of metal ions, the molecular weight 

and degree of deacetylation of chitosan and environmental pH values [66]. Electro-microscopy 

confirmed that the exposure of S. auresus to the chitosan-Cu (II) complex resulted in the 

disruption of cell envelop. Based on the discussion of the antimicrobial mechanism of chitosan-

metal complexes and their molecular structures, the structure-activity correlation for the 

antimicrobial activities was elucidated. 

At the same time, we know that the chitosan/CMC bond is an electro-static bond [67]. 

There is a strong possibility that the electro-static bond also prevented chitosan from making a 

hydrogen bond with the ribosomal subunits. We already know that to resist bacterial growth, we 

need a hydrogen bond between the antibacterial agent and the 16S-rRNA. It is very possible that 
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the presence of an anionic solution made that chance decrease. Based on these two observations, 

interactions between the chitosan-Mg and the chitosan-CMC should be investigated further to 

produce antibacterial resistance from the chitosan/CMC-coated Mg alloy substrate. 

As for the rest of the results, we found that every sample set had a zone of inhibition 

diameter above 15 mm. Therefore, irrespective of coating type, antibacterial treatment, and 

sample size, the project to ensure the highest sensitivity of gentamicin sulfate loaded on Mg alloy 

against E. coli was successful. Based on the auxiliary antibacterial treatments followed in our 

experiment, UV treatment has provided the best result (see Figure 4.37). Surprisingly, Figure 

4.36 showed that gentamicin sulfate followed by no additional antibacterial treatment takes the 

next position. But we expected a better result from the samples having a combination of two 

antibacterial agents- gentamicin sulfate as the primary one and Anti-Anti or Ethanol as the 

secondary one.   

In case of Anti-Anti antibacterial, we already knew that it is a solution containing 10000 

units/ml of penicillin, 10000 µg/ml of streptomycin, and 25 µg/ml of amphotericin B. Here, the 

one to one interactions between streptomycin and gentamicin, amphotericin and gentamicin and 

penicillin and gentamicin are the first issue under consideration. In previous experiments, it has 

been proved that penicillin does not cause any kind of inactivation of gentamicin sulfate at 370C 

if the dose is either small or medium [68].  

The action of penicillin in combination with gentamicin against enterococci was studied. 

One hundred strains of enterococci, 14 of which were recovered from blood cultures of patients 

with endocarditis, were studied for susceptibility to penicillin, gentamicin, and streptomycin. All 

strains were inhibited by ≤ 50 µg of gentamicin/ml. The majority was inhibited by ≤ 78 µg of 

streptomycin/ml, but 13 strains were not inhibited by 50,000 µg/ml. 33 strains were studied for 
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synergism of combinations of antibiotics. A combination of 20 µg of penicillin and 4 µg of 

gentamicin/ml was synergistic against all 33 strains, while 20 µg of penicillin combined with 20 

µg of streptomycin/ml was synergistic against only 20 of the 33 strains. The minimal inhibitory 

concentration of streptomycin for four of these 20 strains was more than 50,000 µg/ml. The 

combination of penicillin and gentamicin may be considered an alternative for the treatment of 

enterococci endocarditis, especially when penicillin and streptomycin are not synergistic [69]. 

On the other hand, streptomycin itself is an aminoglycoside, and has no chance of 

inactivating another aminoglycoside, gentamicin [70, 71].  From the Tables 4.5 and 4.6, we 

found that the diameters of bare Mg alloy recorded are 40 mm, 39.5 mm, and 42.125 mm for 

only gentamicin, combination of gentamicin and anti-anti and combination of gentamicin and 

ethanol, respectively. Among these three different samples, the major difference is the drug 

loading condition. It was expected that the combination of multiple antibacterial loaded sample 

will show stronger resistance. But the combination of gentamicin and anti-anti one behaved 

weaker. The gentamicin and ethanol one showed small improvement. Therefore, undoubtedly the 

drug loading condition played a strong role for this unexpected result. The only gentamicin 

loading was done in vacuum condition and the combined samples were loaded in sterile, but not 

vacuum condition. Based on this observation, it is indicated that the vacuum condition provides 

the highest quantity of drug loadable.  
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Fig 4.37 Comparison between Only gentamicin, combination of gentamicin and anti-anti and 
combination of gentamicin and ethanol 

 
Because there is no possibility of adverse effects detected, the combination of gentamicin 
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antibacterial function of the polyelectrolyte-coated samples loaded with combination drugs.  
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adherence and bacterial biofilm formation were determined using clinical isolates cultured from 

implants retrieved at revision hip surgery. 

Here, the best result is found from the UV treated and Gentamicin loaded samples. The 

lowest zone of inhibition diameter recorded was 46 mm for bare sample and the highest one was 

more than 50 mm for PE and SAM-coated sample [see Table 4.6]. Ultraviolet germicidal 

irradiation (UVGI) is a disinfection method by which Ultra Violet light of short wavelength 

breaks the bond between the atoms of the DNA of the microorganisms. Ultraviolet (UV) light is 

well established as a light inactivation treatment, inducing effects ranging from DNA damage, 

primarily as a result of UV absorption by DNA at wavelengths of 240 nm to 280 nm, to sub 

lethal damage of DNA repair systems caused by near-UV light [74].  

Our samples were UV treated before getting loaded with gentamicin sulfate. It is very 

necessary to remember that if the samples are UV treated after loading gentamicin sulfate, UV 

light will break the DNA structure of the aminoglycosides or other antibacterial agents also. So 

the antibacterial agent will be deactivated. It must have to be done before loading any kind of 

antibacterial agent. The purpose of treating our samples with UV light is to kill any existing 

microorganisms that can accelerate the growth of bacteria or fungi. We have found in some 

previous study that the use of UV treatment is the most effective in aquaculture [74]. In our 

cases, we did the UV treatment of dry samples. And it is the same experiment of reference [74] 

ensures that the UV treatment leaves some residual microorganism too.   

On the other hand, exposure to visible light with photosensitizing molecules is termed 

Photodynamic inactivation (PDI). This PDI is being developed as an effective treatment for 

cancer and other medical ailments. A number of in vitro PDI studies are done and still in 

progress involving microbial inactivation. Some of those studies already ended with successful 
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results for bacteria, fungi, yeasts, viruses, and parasites. Furthermore, recent work has shown that 

photosensitization of bacterial cells is independent of the antibiotic resistance spectrum [73].  

Previous works have proved that an exposure to visible light, more specifically, blue-light 

wavelengths, ensures inactivation of certain bacterial species including Propionobacterium 

acnes, Helicobacter pylori and some oral pigmented bacteria. Recent studies are in progress to 

ensure the same microbial inactivation without any additional photosensitization. As visible light 

does not break the DNA structure, post-AB agent loading PDI treatment can be possible with or 

without photo sensitizing to inhibit bacterial growth more effectively. 

4.2.8 Magnesium Disintegration 

In our study, we observed some disintegration of Mg during incubation. The Figure 4.38, 

4.39, and 4.40 below illustrate the condition of the samples after 10 days in an incubator at 37OC. 

 
 

Fig 4.38: Mg Degradation for Gentamicin and Anti-Anti loaded Samples 
 

 
 

Fig 4.39: Mg Degradation for Gentamicin and Ethanol loaded Samples 
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Fig 4.40: Mg Degradation for Bare sample without any drug and PE-coated sample with 
gentamicin sulfate 

 
The most possible reason for this metal disintegration is the corrosion due to the bacteria 

medium. The medium was highly aqueous. The  LB bacterial medium was dissolved in 1000 ml 

of DI water. So, the sample was in contact of an aqueous gel continuously during incubation. But 

why the disintegration rate is higher in the case of the polyelectrolyte and SAM coating is an 

issue of further investigation.  
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CHAPTER 5 

CONCLUSION 
 
 
In a general sense, this thesis represents the viability of anti-bacterial drug delivery in the 

human body by Mg implant. Previously it was a matter of interest if it is possible to ensure 

strong attachment of the anti-bacterial drug on Mg substrate. But maximum 50 mm diameter of 

zone of inhibition has been recorded for pre UV treated & gentamicin sulfate loaded Mg 

substrate against E. coli in this experiment compared to 15 mm of standard requirement. 

Thereby, immersion in 10 % gentamicin sulfate solution inside vacuum condition has been 

proven as an effective method of anti-bacterial drug loading.  

But at the same time we found that polyelectrolyte coating created some negative effect 

on the antibacterial sensitivity of the primary AB agent gentamicin and the secondary one (Anti-

Anti or 70% Ethanol). So our decision is to use an alternative biocompatible coating that will not 

hinder the molecular antibacterial mechanism of gentamicin sulfate. Not only the interaction 

among chitosan/CMC combination, gentamicin sulfate and anti-anti or 70 % ethanol, but also the 

combination of chitosan/CMC produced a very low corrosion resistance against simulated body 

fluid (Phosphate Buffer solution). In order to ensure that the implant will last inside the human 

body for a required period of time, we need to use a different combination of cationic and 

anionic polyelectrolytes. Based on the theory of electrochemistry of the corrosion resistance, the 

alternative polyelectrolyte combination should have a significantly high di-electric constant. Our 

experiment also finds that UV treatment of the metal substrate before anti-bacterial loading takes 

part in increasing the anti-bacterial effect significantly. All these findings make the way wider to 

produce cardiovascular implant and ureteral stent by UV treated Mg alloy loaded with 

gentamicin sulfate from a clinical point of view. 



 

75 

CHAPTER 6 

FUTURE WORK 

 
There are many ways, this project can be further directed. Here, the polyelectrolytes have been 

used as a corrosion resistant coating material on Mg substrate. According to Tafel equation, the 

higher the di-electric constant of the polyelectrolyte material is, the lower the corrosion rate of 

the metal substrate. Therefore, it is matter of further investigation to detect how antibacterial 

sensitivity will respond to higher di-electric capacity of the polyelectrolyte.  

We can try with a new antibacterial sensitivity test method like E-test. It is expected that 

E-test will provide more accurate results about the antibacterial sensitivity. 

Based on our discussion on chapter 4, the following future works are highly suggested to 

improve the result of this project further:  

• Pre UV treatment of the dry samples  

• Gentamicin and secondary AB agent loading in a combined condition of sterile and 

vacuum  

• Photo dynamic inactivation (PDI) treatment without any photosensitizing agent under 

visible light exposure 
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