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Introduction 

Metallic biomaterials are commonly used to replace the bones, joints, and dental roots of the 

human body. When they are implanted inside a body, metallic biomaterials may corrode and 

discharging metal ions and debris that may have toxic effect on tissues and organs. It is essential 

for biomaterials to have no toxicity to a living body, and a controlled and measureable evaluation 

of the cytotoxicity of metallic components is essential for the development of new metal 

biomaterials with better biocompatibility. Iron (Fe) is the most abundant transition metal in the 

human body, about 4-5 g. Like hemoglobin, it is essential for the catalytic center of several 

enzymes involved in electron transfer and DNA metabolism.  

However, excess Fe2+ ions react with hydrogen peroxide to produce reactive oxygen 

species. Conventional pure iron is more easily corroded and produces Fe2+ ions. In response to 

these problem, a new metal has been designed called ultra-high pure iron, which is purified up to 

99.9996% by mass purity. In this study I used the ultra-high pure (UHP) iron to analyzed the 

biosafety & biocompatibility by using the mammalian cells lines.  

Results 

Analysis of Madin-Darby Canine Kidney (MDCK) YFP-keratin-8 cells line growth 

Cell growth and adhesion on UHP iron surface was examined using MDCK/YFP-keratin-8 cell 

line and culture for 3 days in 35 mm culture dish with UHP iron in DMEM media at 370C in 5% 

humidified CO2 incubator. On the third day, cell proliferation was analyzed on the surface of UHP 

iron and in the culture dish area using a fluorescence microscope. Interestingly, a large number of 

cells were grown on the surface of UHP iron and the culture dish area. 

 

 

 



 
 

Growth of analysis of MDCK cell line with UHP iron and S45C steel  

The growth of MDCK cells was compared using UHP iron and commercially available steel 

(S45C). I cultured MDCK cells for 3 days with ultra-high purity iron and S45C steel plates. 

Surprisingly, the cells did not grow on the surface of steel (S45C) and the surface of steel was 

highly corroded after three days in DMEM growth media. Abnormal morphology of cells grown 

in the culture dish area as well as on the S45C steel. 

Concentration of Fe2+ after culturing MDCK cells for 3 days with UHP iron plates and 

S45C plates in growth medium (without cells) and only growth media (as a control). In the case of 

control, the concentration of iron was (0.0098) mmol/L, concentration of UHP iron was (0.0152) 

mmol/L, whereas in S45C steel, the concentration was (11.54) mmol/L respectively. 

Cell growth comparison of UHP iron with current-day implants (i.e. Ti-6Al-4V and Co-Cr-

Mo alloys) 

To further illustrate the cells growth, commercially available metal implant alloys (i.e. Ti-6Al-4V 

and Co-Cr-Mo alloys) were used. Cells were cultured on each metal plate for 3 days. UHP 

promoted cell growth and adhesion. However, in the case of Ti and cobalt alloys, cell growth was 

much reduced compared to UHP iron. At the cobalt alloy surface, cell morphology was abnormal, 

and also cell proliferation was reduced in the surface as well as in the culture dish area. In the case 

of Ti alloy, cell proliferation was also reduced on the metal surface and in the culture dish area. 

In order to quantitatively analyze the proliferation of the MDCK/YFP keratin-8 cell line, 

the confluency of MDCK cells with each metal plate was calculated. There was no significant 

difference in the confluency of UHP iron metal surface as well as plastic area with UHP iron as 

compared to the culture plate with no iron plate (control).  



 
 

The number of cells adhered on commercially available medical metal implants was significantly 

less than UHP iron in all incubation periods and much lower proliferation was seen in the case of 

Ti-6A-4V. These results suggested that ultra-high purity iron is more compatible with cell growth. 

Effect of FeSO4 on the MDCK cells morphology  

Fe2+ solutions were applied exogenously at different concentrations. MDCK cells were cultured 

for 3 days. On 3rd day, I applied the Fe2+ at the different concentrations (i.e. 0.01 mmol/L, 0.1 

mmol/L, 1 mmol/L and 5 mmol/L) and exposed the cells to the Fe2+ for 24 hours and analyzed 

with fluorescence microscope. Cell proliferation decreased as the concentration of Fe 2+ increased.       

Furthermore, cell morphology was also abnormal with a total Fe2+ concentration of 5 mmol/L, and 

an increase in the number of dead cells in the suspension medium was also seen with 5 mmol/L.  

I also checked the confluence rate of the cells culture after exposing the MDCK cells to 

Fe2+ for 24 hours.  There was a significant difference from 0.1 mmol/L to 5 mmol/L as compared 

to control.  

C2C12 cells proliferation and differentiation  

Next, UHP iron plates were used to analyze the proliferation and differentiation of the C2C12 cell 

line. C2C12 cells were cultured with UHP iron in culture dishes to examine cell proliferation and 

differentiation. On the third day, the growth of C2C12 cells was examined, and a considerable 

amount of cells were grown on the surface of UHP iron and the culture dish area. In addition, 

C2C12 cells differentiated significantly into myotubes on UHP iron surface. The results of 

scanning electron microscopy (SEM) further supported the growth and differentiation of C2C12 

cells.  



 
 

Cell viability was higher, and the cells exhibited well-spread morphology on the surface of UHP 

iron before and after C2C12 cell differentiation, establishing proper association with each other. 

Taken together, these results suggested that UHP iron is the best metal for myotube differentiation. 

Osteogenic differentiation analysis 

Finally, mesenchymal stem cells (MSCs) were used to examine osteogenic differentiation. The 

MSC cell lines were cultured at a cell density of 5000 cm2 in 3 ml culture dishes. After the cells 

reached 50% confluence, the growth medium was replaced with osteogenic differentiation 

medium. Cells were stained with alizarin red S and observed osteogenic differentiation with UHP 

iron. In the case of the control sample (without iron plate), no calcification was observed after 3 

days. At 21st day, calcification was found significantly on the surface of ultra-high purity iron and 

in the area of the culture dish. Positive osteogenic cultures show stronger alizarin red staining, 

indicating that there is more calcification. 

Conclusion 

In conclusion, these results suggest the uniqueness of ultra-high pure iron, which allows not only 

adhesion and proliferation of mammalian cells but also osteocytes and Myotubes formation 

without surface coating compared to conventional biomaterials. These findings lead to the novel 

use of UHP iron as a therapeutic material in the continuously growing field of biomedical 

applications. 
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CHAPTER # 1 

INTRODUCTION 
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An implant is a therapeutic device prepared to exchange a misplaced biological structure, support 

a broken biological structure or to boost a prevailing biological structure. There are various types 

of implants available: ceramic implants, bioresorbable and biodegradable implants, metal 

implants. In order to guarantee the long-term durability (lifetime) of implants implanted in the 

human body, materials for long-term biomedical implants have to be manufactured.  

Metal alloys offer a global perspective for orthopaedic applications due to their excellent 

mechanical ability and flexibility. This is exceptional in contrast to polymers and ceramics. 

Permanent implants should contain neither toxic nor allergic elements (e.g., Al, V, Ni, Co) and 

should retain great corrosion and wear resistances. The proper structural and practical relationship 

between the living bone and the surface of the load bearing synthetic implant is also important. 

Treatment care materials are regularly improved and more accurate diagnostic techniques and 

more practical treatment management are proposed.t. Its importance is that people are living for a 

long time, growing in an aging population and clinically affecting every era of health maintenance 

Metallic biomaterials have a long history of several biomaterials. Stainless steel was originally 

used as an implant material in the medical field (Niinomi, 2002). Metals have been used as 

transplants for over 100 years (Hermawan et al., 2011).  

Metallic materials are generally used as implants, and such metals must retain their 

properties that will allow them to function in the human or animal body (Sidambe, 2014). The 

demand for metallic materials in medicine and dental procedures is huge (Hanawa, 2002). 

Research has been conducted since long-term solid implants and prostheses made of such alloys 

(Dobrzańska-Danikiewicz et al., 2015). The cyto-compatibility of a biomaterial is particularly 

associated to chemical composition, the three-dimensional organization of the biomaterial plays a 

fundamental role in ensuring interaction with host cells (Meredith et al., 2007).  
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To be precise, surface topography of biomaterials (i.e., size, shape, and surface texture) is one of 

the most important factors that affect cell attachment, adhesion, proliferation, migration, and even 

differentiation (Marini et al., 2015). Cytotoxicity is often dependent on the ionization affinity of 

the metals used (Matsuno et al., 2001). Frequently used titanium and stainless steel implants along 

with presently approved bio-absorbable polymers have particular disadvantages in bone surgical 

treatment (Castellani et al., 2011). 

In vitro cell biology has shown that cells can react to the shape of their environment (Dalby 

et al., 2007). Materials for everlasting bio-medical implants must be prepare in order to assure the 

durability of the implant after implantation into the human body (Hynowska et al., 2013). Stainless 

steels (Fe–Cr–(Ni) alloys), Co–Cr–Mo alloys, titanium alloy, Ti–6Al–4V and Ti–Ni shape 

retention alloys are used for bio-materials while nobel-metal-based alloys are used for dental 

materials because of their excellent corrosion resistance and flexibility (Hanawa, 2004). For above 

7 decades, material researchers, orthopedic physicians, and related bio-engineers have persistent 

to discover the methods and means of eradicating or, at least, decreasing the frequency of bone 

implant catastrophes in humans (Webster and Ejiofor, 2004).    

Orthopedic specialists, somehow blame the poor performance of these implants against 

inadequate bone integration between adjacent bones and the prosthesis (Webster and Ejiofor, 

2004). Co-Cr-Mo hip prostheses have been used for more than 50 years due to their superior wear 

and corrosion resistance properties. A Co-Cr-Mo hip replacement is associated with long-term 

wear and tear through body fluids in vivo, resulting in the formation of tribological films, wear 

particles, and metal ions (McKee and Watson-Farrar, 1966; Wang et al., 2017). 
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Titanium implantations may be noticeable in the event of inactivity or when tissue weakening 

occurs (Möller et al., 2012). However, its use is limited, due to its low strength and excessive wear 

characteristics (Bhola et al., 2011; López et al., 2002). For most applications, including Ti6Al4V 

in bone cells is important for effective integration of the implant. For example, in the case of 

Ti6Al4V hip implants, the interface between bone cement and Ti6Al4V can be dropped by 

osteolysis which is caused by the interaction between the polyethylene cap and Co-Cr/Co 

polyethylene particles. That are produced as result of the interaction with polyethylene cap and 

Co‐Cr/Co‐Cr‐Mo or ceramic (ZrO2 or Al2O3) are used in current head hip implants (Dobbs and 

Scales, 1983; Martínez-Pérez et al., 2019; Soboyejo et al., 2002).  

 Disadvantages of titanium implants include the undesirable result of titanium being 

bright or that the observable metal is exposed by gingival stasis. Metallosis after transplantation 

of titanium transplantation may also be the result of a proinflammatory response, which may lead 

to loss of implants over time. In the case of dental implants, ceramic materials have been used 

significantly in orthopedic surgery for several years. Biocompatibility assessment resulted 

progressive results, while carcinogenicity and mutagenicity tests have revealed no negative results 

(Möller et al., 2012; Piconi and Maccauro, 1999). The success of biomaterials depends largely on 

the response of the human body to the implant, which determines the biocompatibility of the 

material (Geetha et al., 2009). 

Iron is the most abundant transition metal in the body, an important micronutrient, and 

essential to many important biological processes. Although in excess, it can generate oxidative 

stress due to the generation of reactive oxygen species (ROS) (Puntarulo, 2005). The most 

nutritious individuals in the developed state have 4-5 grams of iron in their bodies (Gropper and 

Smith, 2012). Nearly two-thirds of iron in the body is contained in hemoglobin present in 
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circulating red blood cells (Abbaspour et al., 2014). The highest proportion of iron in the range of 

65% to 75% is found in hemoglobin of red blood cells. When red blood cells reach the end of their 

life cycle, they are phagocytosed by reticuloendothelial macrophages (Andrews, 2000b). 

It is important for various metabolic processes including oxygen transport, DNA synthesis 

and electron transport. Iron is essential for almost all living organisms, as it is an important 

catalytic center of iron-dependent enzymes and a central part of the heme moiety. Under normal 

circumstances, iron binds to ferritin in the redox inactive Fe3+ state, and small amounts of redox 

active Fe2+ iron are required to contribute to cell metabolism. Thus, all mechanisms involved in 

iron transport and homeostasis must be tightly regulated to prevent excess iron from cytotoxic 

reactions (Acosta-Cabronero et al., 2016). Proteins containing iron-sulfur (Fe-S) clusters are 

important for cellular events ranging from cytosolic regulation to mitochondrial metabolism and 

respiration to nuclear DNA repair (Lill, 2009; Tong and Rouault, 2000).  

Moreover, Fe–S clusters are critical in permitting cells to sense intracellular iron, as in the 

example of iron regulatory protein 1 (IRP1), a sensor of intracellular iron levels, and the bacterial 

proteins SoxR and FNR, sensors of intracellular oxygen species (Tong and Rouault, 2000). The 

chemical adaptability of these clusters is used in basic life processes such as energy production, 

metabolic conversions, DNA maintenance, gene expression regulation, protein translation, and the 

antiviral reaction (Braymer and Lill, 2017; Lill et al., 2015). The Fe–S clusters has a unique role 

in DNA processing enzymes as well (Fuss et al., 2015). 

Iron is required for almost all living things, but excess iron is still harmful. In the presence 

of ferrous ions, hydrogen peroxide undergoes a Fenton reaction to form highly reactive hydroxyl 

radicals (•OH). Radical reactions starting with OH can cause damage to macromolecules such as 

DNA, lipids and proteins (Grzelak et al., 2018).  The most abundant mammalian heme proteins, 
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hemoglobin and myoglobin, act as oxygen carriers in erythropoiesis and muscle, respectively. 

Oxygen binding is facilitated by the heme moieties (O'Brien, 2011). Another important type of 

heme protein is cytochrome, which plays an important role in redox reactions and electron 

transport (Oliveira et al., 2014).  

Fe2+  present in the cytosolic and mitochondrial matrix; the lysosome also comprises a pool 

of redox-active iron stem from extracellular sources as well as the catabolism of ferritin and iron-

rich intracellular organelles such as mitochondria (Dixon and Stockwell, 2014). When the 

absorbed iron does not bind to proteins, a large amount of toxic free radicals is formed. This 

completely affects iron concentration in mammalian cells and body fluids (Brissot et al., 2012).  

Cell lines are widely used in metal toxicity studies. In vitro cell biology has shown that 

cells can respond to the shape of their environment (Dalby et al., 2007). To ensure the long life 

(durability) of the implant after it has been implanted in the human body, materials for permanent 

biomedical implants must be considered (Hynowska et al., 2013). 

To overcome the disadvantages and the problems of the current day available implants, a new 

metal been designed called the Ultra-high pure iron. 

1.1 Ultra-high pure (UHP) iron 

Ultra-high pure (UHP) iron manufactured in a new induction melting furnace equipped with a cold 

copper crucible and manufactured with an ultra-high vacuum technology (Abiko et al., 1998). The 

UHP iron is purified more than 99.9996 % by mass by melting in an ultrahigh vacuum. The 

purification test in ultra-high vacuum was performed by means of the newly designed induction 

melting furnace and high-purity electrolytic iron. Ultra-high vacuum purification is very effective 

in reducing gaseous impurities, especially oxygen, in molten iron. The amount of gaseous 

impurities is almost the limit of detection by conventional analytical method. 
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A 10 kg ingot of ultrahigh-purity (UHP) iron, as shown (Figure 1), was melted in a cold copper 

crucible in a newly constructed induction-melting furnace using ultrahigh-vacuum machinery 

(Abiko et al. 1998). The key chamber was evacuated to a base pressure of 4108 Pa by an oil-

distribution pump and a cold network. he ultra-high vacuum heating environment was viewed with 

a mass spectrometer, which was used to eliminate the vacuum refining process.  

The electrolytic iron of 99.997 % mass purity was purified in an extremely high vacuum 

environment, and more than 99,989 % mass was purified. For example, almost all large-scale 

carbon, nitrogen, oxygen, and sulfur were reduced from about 17 mass ppm to about 5.4 mass ppm 

 

Figure 1: Ultra-high pure iron (10 kg) of higher than 99.9989 mass % 
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1.2 Chemical properties of UHP iron 

The chemistry of UHP iron is quite different from that of conventional pure iron. A comparison of 

the behavior of commercial (C) iron (the so-called “interstitial-free” iron, in which carbon and 

nitrogen have been scavenged by the addition of titanium in the form of precipitated carbo-nitrides) 

and the UHP iron, as shown in (Table 2), The hydrochloric acid and one copper Sulphate solution 

are shown (Figure 2, Figure 3).         

As shown in Figure 2, the reaction rate in hydrochloric acid was indicated by the rate of 

hydrogen bubble formation, which was much faster for the C-iron, that the solution was 

immediately clouded, while in UHP iron this rate was very low. After 5 hours, at pH 5 copper 

sulfate solution (Figure 3), the C-iron surface coated with copper and the solution was discolored 

by iron ions. 

However, in the case of UHP iron, no indication of a reaction can be seen at this time and longer. 

It is clear from these demonstrations that iron levels are extremely inefficient and highly inactive. 

The mechanism for understanding these trends on the iron ionization phenomenon should be 

investigated. 
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Figure 2: Corrosion experiment in hydrochloric acid. 

 

Figure 3: Corrosion experiment in copper Sulphate solution (pH 5, after 5 h). 

 

In this study, I used the ultra-high pure (UHP) iron to analyzed the biosafety & biocompatibility 

of this novel iron by using the mammalian cells lines.  
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CHAPTER # 2 

MATERIALS & METHODS 
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2.1 Materials used 

Ultra-high pure (UHP) iron, Ti-6Al-4V extra-low interstitial ELI (ASTM F136) and Co-Cr-Mo 

(ASTM F1537), super-high pure iron- as rolled (SHP-HA-AR), Fe-N2, S45C steel, SK-5M, SUS 

304 and SUY-1, were used. These metals were rinsed carefully in 100% acetone and then 

washed in 70% ethanol. After washing, the metal was dried on a clean bench and placed in a cell 

culture vessel (Greiner Bio-One 627 160 and 628 160, Tokyo/Japan).  

2.2 CELL LINE USED 

 

2.3 Madin Darby Canine Kidney cells line (MDCK/YFP Keratin-8) on UHP iron surface 

I examined cell proliferation and adhesion with UHP iron and the culture dish area using Madin-

Darby canine kidney cells (MDCK/YFP Keratin-8). 

First, remove the MDCK/YFP keratin-8 cells from the liquid nitrogen storage, thaw them 

in a 37° C water bath for less than 2 minutes, wipe them with 70% ethanol to sterilize them and 

quickly transfer the thawed cells into eppendorf tubes (5.0 mL) and added fresh growth media 

(Dulbecco's Minimum Essential Medium (DMEM)) high glucose, supplemented with 10% fetal 

bovine serum (FBS) (Thermo Fisher Scientific, MA/U.S.A.) and 1% Penicillin & Streptomycin 

(P/S) (Nacalai Tesque Inc., Kyoto/Japan), Gradually drop by drop and then mixed by pipetting to 

avoid osmotic pressure.  

The tube was then centrifuged at 3000 rpm for 3 minutes. The supernatant was discarded 

and additional freshly warmed cell growth medium (about 7-8 mL) was added. The cells were then 

vortexed to mix the cells in freshly added media. The cells were diluted at 1:5 in 35mm culture 

dish and incubated for three days at 370C and 5% CO2 humidified atmosphere. On the third day, 

the suspension media was discarded and the surface of the cell layer was rinsed with 1mL cold D-

PBS (without Ca2+ and Mg2+). D-PBS was replaced by Trypsin EDTA (1 mL) and mixed well. 
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Finally, fresh growth medium was added to stop trypsin digestion. The cells were aliquoted into 

two vials and centrifuged for 2 minutes at 3000 rpm. 

The cell suspension was replaced by adding fresh DMEM medium and mixed with vortex. 

The mixed cell suspension was placed in culture dish plates with each metal sample and placed in 

a humidified atmosphere of 37 ° C. and 5% CO 2 for 3 days. At day 3, cells were analyzed by 

microscopy. 

2.4 Table. 1: Preparation of growth media for MDCK/YFP keratin-8 

Components Final conc. For 500 mL 

DMEM high glucose medium 1x 450mL 

Fetal bovine serum (FBS) 10% 50mL 

Penicillin/streptomycin (P/S)  5 mL 

 

2.5 C2C12 cells line passaging and growth  

C2C12 cells were removed from the liquid nitrogen tank or -80 °C D-freezer and immediately 

placed in an ice box. The cells were thawed in a pre-heated water bath at 37 °C for less than 2 

minutes. The thawed cryovial was sprayed with 70% ethanol and immediately transferred to a 15 

mL falcon tube. Next, prewarmed growth medium (in DMEM high glucose medium (containing 

10% FBS, 1% P/S) was added dropwise, after which it was mixed gently. The Falcon tube was 

then centrifuged at 1000 rpm for 5 minutes at room temperature to pellet the cells and pellet. The 

suspended was removed carefully by not disturbing the pellet at the bottom.  

Fresh, prewarmed 7-8 mL of growth media was added to Falcon tubes and then vortexed 

until the pellet was completely dissolved in fresh media. Cells were diluted in 35 mm culture dishes 

(Greiner Bio-One 627 160 and 628 160, Tokyo/Japan) using fresh growth medium (1: 5) from the 
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original cell suspension and placed for three days at 370C and 5% CO2 humidified atmosphere. On 

day 3, cells were removed from the incubator and the suspension medium was removed and 

washed once with 1 ml of cold 1 × D-PBS. 

D-PBS was replaced with pre-warmed 1 ml of trypsin EDTA. Cell cultures were placed in 

a CO2 incubator for 2-3 minutes. Thereafter, 7-8 ml of freshly warmed growth medium was added 

to the culture dishes and mixed well. The mixed cells were then transferred to a 15 ml Falcon tube 

and centrifuged at 1000 rpm for 5 minutes at room temperature. The tube was removed from the 

centrifuge and wiped with 70% ethanol. The suspension medium was carefully removed, fresh 

growth medium was added and mixed well using a vortex. Mixed cells were seeded at a density 

of 5000/cm 2/mL and placed in a humidified atmosphere at 37 °C and 5% CO2. 

2.5.1 C2C12 cells line differentiation analysis 

The C2C12 cells were cultured in DMEM high glucose media (with 10% FBS, 1% P/S) (SIGMA 

D5796). Cultured cells were transferred to fresh prewarmed growth medium when it was 70-80% 

confluent. The cells were harvested after confluence and 1 mL of trypsin was added to each culture 

dish and placed in a 37 °C incubator for 2-3 minutes. The trypsin was aspirated and fresh media 

was added followed by centrifugation at 3000 rpm for 5 minutes. Suspension medium was 

removed and fresh medium was again added and vortexed to mix pelleted cells.     

Then, 5000cm2/mL cells suspension were added to each culture dish with iron plate (i.e. 

UHP). The samples were placed in a humidified atmosphere at 37 °C, 5% CO2 for 3 days. Usually, 

on 3 days the culture has reached full density (> 80%). Growth medium was then removed from 

C2C12 cell cultures and washed with cold 1 × D-PBS. PBS was replaced with differentiation 

medium (DMEM high glucose plus glutamine containing 1% penicillin / streptomycin and horse 

serum, no sodium pyruvate). 
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Cells were fed every 24 hours for 5 days. On the fifth day, the medium was removed, 1 ml of 

calcein AM dye was added and placed in an incubator at 37 °C for 20-30 minutes. The cells were 

then observed under a microscope and images were taken. 

2.5.2 Table. 2: Preparation of C2C12 cells differentiation medium 

Components Final conc. For 500 mL 

DMEM high glucose medium 1x 450 mL 

Donor horse serum 2 % 10 mL 

Penicillin/streptomycin (P/S) 1%  5 mL 

 

2.6 Mesenchymal stem cells (MSCs) passaging and growth  

Mesenchymal stem cells (MSC) cells were cultured in D-MEM/F-12 medium containing 

GlutaMAX-1, FBS, MSC certified (10%) and gentamycin (GIBCO mouse C57BL / 6, Invitrogen). 

The cells were cultured at a seeding density of 5000 cm2/mL. The cells were incubated for 3-5 

minutes at 37 °C. The cell solution was pipetted to produce a homogenous suspension. The cells 

were transferred to a sterile Falcon tube and centrifuged at 3000 rpm for 5 minutes. 

The supernatant was removed without disturbing the pellet and fresh preheated MSC 

growth medium was added. The cell suspension was transferred to a culture plate containing UHP 

iron plates and incubated at 37 °C. 
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2.6.1 Table. 3: Preparation of growth media for Mesenchymal Stem Cells (MSCs) 

Components Final conc. For 500 mL 

D-MEM/F-12 medium with GlutaMAX-1 1x 450mL 

FBS,MSC-Qualified 10% 50mL 

Gentamicin(10mg/mL) 5ug/L 250 uL 

 

3.6.2 Mesenchymal Stem Cells (MSCs) differentiation analysis 

MSCs cells were cultured in growth medium and placed in a humidified atmosphere of 37 °C and 

5% CO2 using ultra-high purity iron plates. After reaching 50% confluence, MSC growth medium 

was replaced with an equal volume of osteogenic differentiation medium (D-MEM/F-12 medium 

with GlutaMAX-1, stem cell pro-osteocytes differentiation basal medium, stem cell pro 

osteogenesis supplement and gentamicin)).  

Cell cultures were kept in an incubator for 21 days. Osteogenic differentiation was replaced 

regularly every 24 hours. On day 21, the differentiation medium was replaced with alizarin red 

solution and placed on a shaker plate for at least 30 minutes at room temperature. 

2.6.3 Table. 4: Preparation of differentiation medium for Mesenchymal Stem Cells (MSCs) 

Components Final conc. For 500 mL 

StemPro® Osteocytes differentiations medium 1x 90 mL 

StemPro® Osteogenic supplement  1x 10 mL 

Gentamicin(10mg/mL) 5ug/L 50 uL 
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2.7 Preparation of iron solutions & treatment  

Iron sulfate was dissolved in deionized water and disinfected using a 0.22 μm filter. The solution 

was diluted with medium (1:20, v / v) to concentrations of 0.01, 0.1, 1, 5 mmol / L, respectively 

(He et al., 2008) . An appropriate number of cells were cultured for 3 days in a 35mm culture dish. 

The cells were then exposed to different concentrations of iron for 3 days. Cell cultures were 

harvested by washing once with cold PBS. 

2.8 Collagen interaction analysis  

To analyse affinity of collagen on the metal surface, the metal plate was soaked in 3 ml freshly 

diluted FITC labelled collagen solution (at final concentration of 0.01 mg/ml) with PBS 

(Bovine Type I collagen, Collagen Research Center, Japan) for 1 hour at room temperature. 

After rinsing the surface with distilled water, FITC intensity was monitored with a fluorescent 

stereo microscopy (Nikon). The intensity was calculated by Image J Fiji software.  

2.9 Calcein AM staining 

Calcein Am solution was used to stain the C2C12 cell line. Calcein AM solutions are used to label 

live cells that can be detected and analyzed by fluorescence imaging. In brief, the supernatant was 

removed from the cell culture and 1 mL of calcein Am solution was added to each well. The calcein 

Am solution is pre-diluted in a 1: 500 ratios with calcein dilution buffer. The cells were then 

incubated for 30 minutes at 37 °C. The cells were observed under a microscope. 
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2.10 Alizarin Red S staining  

The anthraquinone dye Alizarin Red S (ARS) is widely used to assess calcification in cell culture. 

Briefly, cells were plated and processed for osteogenic differentiation as described. The medium 

was removed and the cells were gently washed 3 times with 1x D-PBS. MSC cells were fixed with 

4% formaldehyde for 15 minutes at room temperature. The fixative was removed and the cells 

were washed 3 times with distilled water. 

The distal water was then replaced with 1 mL of 40 mM Alizarin Red S per culture dish. 

The cell culture was incubated for 30 minutes at room temperature with gentle shaking. The dye 

was removed and washed 5 times with distal water. 

2.11 Colony forming assay 

Colony staining was performed by the crystal violet assay according to the method described by 

(Franken et al., 2006). Briefly, cells were cultured for 3 days at 10 cm for Fe2+. Cells were exposed 

to Fe2+ for 24 hours. Suspension medium was removed, cells were washed with cold 1x D-PBS, 

and 2-3 ml of colony-fixed staining solution was added to each culture dish at room temperature 

for at least 30 minutes. Next, the staining solution was removed, rinsed with a running tap water 

and soaked. Plates with colonies were air-dried at room temperature, and colonies were counted. 

2.12 Scanning electron microscopy (SEM)  

Culture cells on the metal surface were fixed with 2% glutaraldehyde in 30 mM HEPES–KOH 

(pH 7.5) for 60 min. After dehydration with a series of ethanol, the sample was dried in a CO2 

critical point drier. The surface of the samples was coated with an osmium surface coating 

(Meiwafosis Co. Ltd., Tokyo/Japan) for EDS quantification of light elements.                                                             

The samples were analysed by field emission SEM with EDS (JSM-7800F, JEOL Ltd. 

Tokyo/Japan). 
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2.13 Gene expression analysis 

       The cells were cultured for three days, and the total RNA was isolated by Trizol reagent 

(Invitrogen). Real time quantitative PCR was performed with a PrimeScript II 1st strand cDNA 

synthesis Kit (TaKaRa Bio) and SYBER premix Ex Taq II, in a CFX96 Real-Time System (Bio-

Rad Laboratories). Sequence specific primers were designed using Primer3plus. Expression of 

various genes was normalized by using GAPDH as a housekeeping gene (Table 1). 

2.13.1 Table.5:  Sequence of the primers used for qRT_PCR for coding of the following genes 

No. Gene 

Symbol 

Accession No. Forward Primer Reverse Primer Product 

size 

1 GAPDH DQ403060.1 ATCACTGCCACCCAGAAGAC GGCAGGTCAGATCCACAACT 202bp 

2 HSP70 AB114674.1 TGCTGAGGATCATCAACGAG GCTTGAACTCCTCCACGAAG 234bp 

3 ATM NM_001130828.1 GAAGAAGGAACGGTGCTCAG GGTTAAAAACGAAGGCCACA 177 bp 

4 SOD1 AB175611   AGTGGGCCTGTTGTGGTATC   AGTCACATTGCCCAGGTCTC 189 

5 IRBP-2 XM_532364 CCAGCGGAGTGTTACCGTAT AATTGGCACGAACACAATCA 198 bp 

 

2.14 Statistical analysis 

All experiments were performed at least in time for each biological sample and metal material. 

The sample size (n) is specified in the figure legend for all quantitative data. RStudio software 

(https://www.rstudio.com) was used to determine statistical significance. Statistical analysis was 

performed using one-way analysis of variance followed by Tukey post hoc test. The minimum p-

value for significance was 0.05. A similar alphabet in any two groups indicates that it is not 

important, and a different alphabet in any two groups represents a significant difference between 

the two groups. 
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3.1 Analysis of Madin-Darby Canine Kidney (MDCK) YFP keratin-8 cell lines growth with 

UHP iron 

To examine the biocompatibility of ultra-high pure iron, I initially examined the growth of cells 

on the surface of UHP iron, to check the effect of UHP iron on cell growth. I used the MDCK/YFP 

keratin-8 cell line. Because it is a GFP cell lines, so I could easily visualize the cell on the surface 

of metal.  

Cells were grown for 3 days on UHP iron in 35 mm culture dishes in DMEM medium at 

37°C in a 5% humidified CO2 incubator. On the third day, the growth of cells was analyzed using 

fluorescence microscope on the UHP iron surface as well as in the culture dish surface. 

Interestingly, the growth of MDCK cells was very high on the UHP iron surface and also in the 

culture dish area. The cells grew very well at the UHP iron surface and were confluent at both the 

UHP iron level and the culture dish area (Figure 4).  
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Figure 4: MDCK/YFP Kr-8 cells cultured for three days on the UHP iron.  

A, B) Live imaging on UHP iron plate. Scale bar- 20 μM.  

C) Shows the fluorescence image of MDCK cells on the UHP iron plate surface 

D) Shows the culture dish area with UHP iron. Scale bar- 10 μM 

 

 

A 
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B 

Scale bar- 10μm 
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3.2 Growth analysis of MDCK cells line with UHP iron & S45C Steel  

For comparing UHP iron growth with commercial steel (S45C), I cultured MDCK cells with ultra-

high purity (UHP) iron and commercial steel (S45C) for 3 days at 370C incubator. 

The cells grew very well on the surface of UHP iron and in the culture dish area (Figure 5A and 

A’, B). Surprisingly, the cell did not grow on the surface of steel (S45C) and the surface of steel is 

highly corroded after three days in DMEM growth media (Figure 5 C and C’).  

Cell morphology appeared abnormal in the culture dish area with S45C steel plate suggesting the 

release of toxic ions in the culture dish area (Figure 5D). These results clearly indicate the 

importance of UHP iron. 

The Fe2+ concentration in the suspension medium was also measured. MMDCK cells were 

cultured with ultra-high purity iron metal plates and S45C metal plates in 35 mm culture dishes. 

On the third day, I collected media from these cultures. Growth medium (without metal plate) was 

used as control. In the case of control, the concentration of iron was 0.01520 mmol and UHP iron 

the concentration was 0.0098 mmol while in the case of S45C steel, the concentration was 6.66 

mmol (table 6). 
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Figure 5: MDCK/YFP keratin 8 cells were cultured with UHP iron and a commercial pure 

steel (S45C) plate for 3 days.  

(A) UHP iron plate surface (B) MDCK cells on UHP iron surface (3days) (C) Cells on the surface 

of culture dish (3days).  

(D) Corrosion was observed on the S45C steel plate, (E) No cell grows on S45C surface, (D) S45C 

culture dish surface. 

 

Table. 3.2.1: Shows the total ions concentration eluted in the growth media 

Sample Control (growth media) UHP iron S45C steel 

Concentration 
(mmol) 

0.057 0.088 6.6 
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3.3 Comparison of UHP iron with commercially available implants (i.e. Ti-6Al-4V & Co-Cr-

Mo alloys) 

Commercial metal implant alloys (non-coated) were used to further explain the role of UHP iron 

in terms of cell growth. I compared cell growth with UHP iron to other current medical implants 

i.e. Ti-6Al-4V alloy and Co-Cr-Mo alloy. I used the MDCK/YFP keratin-8 cell line and cultured 

the cells with each metal plates i.e. UHP iron, Ti alloy and Cobalt alloy as well as in culture dish 

with no metal plate as control (Figure 6 A) for three days at 370C in 5% humidified CO2 incubator. 

I examined the growth and attachment of cells with each metal alloy and the culture dish area. 

In the case of UHP iron, cell growth was clearly significant (Figure 6 B, C). However, in the case 

of commercially available metallic implants, cell growth was much lower than UHP iron. In the 

case of a cobalt alloy surface, the cell morphology was abnormal (Figure 6 D). Also, cell 

proliferation was reduced on the surface as well as in the culture dish area (Figure 6 E). In the case 

of Ti alloy, cell proliferation was also reduced in both the culture dish area and the metal surface 

(Figure 6 F, G).   

In order to quantitatively analyze the proliferation of the MDCK / YFP keratin 8 cell line, 

the confluence of MDCK cells with each metal plate was measured (Figure 6b).  

In the case of UHP iron metal surface and plastic area, there was no significant difference in 

confluency compared to the culture dish without iron plate (control). The number of cells attached 

to the commercially available metal implants was significantly lower than UHP iron in all 

incubation periods, and very low cell growth was observed with Ti-6A-4V. These results suggested 

that ultra-high purity (UHP) iron is more compatible with cell growth. 
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Figure 6: Live image of MDCK/YFP-keratin-8 cells cultured for 3 days after inoculation. 

 (A) Control cells on culture dish surface (without metal plate). 

(B) Cells on the surface of UHP iron metal surface. 

(C) Cells on the surface of culture dish surface with UHP iron. 

(D) Cells on surface of Cr-Co-Mo alloy metal surface. 

(E) Cells on the surface of culture dish surface with Cr-Co-Mo alloy. 

(F) Cells of the surface of Ti-6Al-4V alloy metal surface. 

(G) Cells on the surface of culture dish surface with Ti-6Al-4V alloy. 

(6b) Cell confluence was measured on culture dish C.D. and each metal plate by fluorescent 

microscopy (means ± SD, n = 5). Data with the same letter was not significantly different at the 

5% level. 

 

 

 

 

6b 
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3.4 Comparison of UHP iron with commercial alloys by SEM analysis 

Scanning electron microscopy was used to verify cell attachment and growth on the surface of 

commercially available metal implants (i.e., Cr-Co-Mo and Ti-6AL-4V) and ultra-high pure iron 

(UHP-iron). The MDCK cell line was used for these analyses. The differences in cell adhesion and 

morphology were characterized by SEM. 

MDCK-YFP-keratin-8 cells were cultured on each metal plate. I first cultured MDCK cells 

(1: 5 dilution) for 3 days and then analyzed (Figure 7 A, B). Cell proliferation was very significant 

on the surface of UHP iron as well as the culture dish area containing UHP iron. However, due to 

the large number of cell growth at UHP iron surface, it was difficult to see cell attachment of cells 

on UHP iron surface. 

Next, the inoculated cells were diluted 4-fold (1:20), cultured for 3 days, and analyzed by 

SEM. Scanning electron microscopy of MDCK cells after 3 days of culture reveals better cell 

adhesion and morphology over a wide-spread coverage on ultra-high pure iron surfaces. Normal 

and isotropically proliferating cells with many filopodia are observed on UHP plates (Figure 7 C, 

D). In addition, thin films and dots were observed on the area of UHP iron (red arrows in Figure 7 

D).  

In contrast, with conventional metals such as Ti-6Al-4V and Co-Cr-Mo, the number of 

cells was much smaller and did not become confluent. Furthermore, in the case of cobalt alloy 

(Co-Cr-Mo), cell morphology was abnormal with anisotropic and abnormal lamellipodia 

formation (Figure 7 E, F) On the other hand, in the case of the Ti alloy (Ti-6Al-4V), many blebbles 

appeared as shown by the yellow circles (Figure 7 G, H).  

Cell adhesion and growth showed better biocompatibility on the surface of ultra-high pure 

(UHP) iron metal compared to commercially available implants (i.e. Ti-6Al-4V and Co-Cr-Mo).       



28 | P a g e  
 

Considering Figure 7 (D), it has been suggested that cells cultured on the UHP iron surface is 

covered by numerous microvilli which stretched from the cells. Scanning electron micrograph also 

revealed the presence of filopodia in the cell boundaries, which were dispersed as anchor points 

on the surface of ultra-high pure iron. 

 

A B 

C D 
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Figure 7: SEM morphological analysis of the MDCK cells on the surface of each metal plate. 

(A) MDCK cells on the surface of UHP iron plate after three days’ culture (1:5 dilution), Scale bar-

100 mm.  

(B) High magnification of panel A, Scale bar-10 μm. 

(C) MDCK cells on the surface of UHP iron plate after three days’ culture (1:20 dilution) Scale 

bar-100 mm. 

(D) High magnification of panel C, Scale bar-10 μm 

(E) MDCK cells on the surface of Cr-Co-Mo Plate, Scale bar-100 μm  

(F) High magnification of panel E. Scale bar-10 μm 

(G) MDCK cells on the surface of Ti-6AL-4V plate, Scale bar-100 μm.    

(H) High magnification of panel G, Scale bar-10 μm.  Green arrow represents blebbing, blue arrow 

indicating lamellipodia while Red Arrow mean that some of the collagen etc. is secreted. 

E F 

G H 
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3.5 Gene expression analysis of MDCK cells treated with UHP iron plate and other metal 

plates 

The MDCK cells were treated with the ultra-high pure iron samples as well other commercially 

available metals for 3 days. RNA was extracted followed by cDNA synthesis. The CDNA was 

then subjected to the real time PCR analysis. 

Gene involved in cellular Stress, DNA damage and cell cycle response 

The expression levels of the selected genes were changed with each treated sample, as compared 

to the control group. The genes examined were chosen among those involved in cellular response 

to stress (HSP70 and MT2A), ROS detoxification (SOD1), DNA damage response ataxia 

telangiectasia-mutated (ATM) and iron-responsive element-binging protein 2 (IRP2). 

Gene expression showed that the MDCK cells proliferated on UHP iron plate did not 

induce the stress response Heat shock protein 70 (HSP70) and Metallothionein-2A (MT2A) 

expression. However, in the case of Fe-N and S45C and SHP-HA-AR is upregulated. The HSP70 

and MT2A showed the strongest induction in tested sample i.e. Fe-N and S45C respectively. 

The superoxide dismutase 1 gene (SOD1) does not show any change with UHP iron sample 

whereas in the case of the other test samples shows up-regulation. Regulation of SOD genes plays 

an important role in balancing ROS concentration. Distribution and control of SODs at the 

expression and activity levels contribute to SOD levels and consequently to local ROS levels.          

The level of ATM, a DNA damage responsive gene was highly upregulated as compared to the 

control and UHP iron sample. 

Similar pattern can be seen in the case of iron regulatory protein2 where in the case of UHP 

iron and control no significant difference is observed, however, in the case of commercial steel 

and Fe-N highly upregulation is observed (Figure 8). 
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Figure 8: Shows the expression level of the selected gene 

3.6 Effect of Fe2+
   on the MDCK cells morphology  

To further confirm the effect of iron ions, I applied Fe 2+ at different concentrations exogenously.  

MDCK cells were cultured for 3 days at 37°C in 35 mm culture dish in a 5% humidified CO2 

incubator. On day 3, Fe2+ with the different concentration (i.e. 0.01 mmol/L, 0.1 mmol/L, 1 

mmol/L and 5 mmol/L) and exposed to the Fe2+ for 24 hours.  After the exposure to the Fe2+, cells 

were analyzed by fluorescence microscopy. Cell proliferation decreased as the concentration of 

Fe2+ increased.  

In addition, cell morphology was also abnormal with an Fe2+ concentration of 5 mmol/L 

(Figure 7E). In the case of 5 mmol/L, an increase in the number of dead cells in the suspension 

medium was observed. To confirm the proliferation of MDCK cells, the colonial confluency rate 

of the cells culture was examined after exposing MDCK cells to Fe2+ for 24hours. The confluency 

was measured by Image J software and then analyzed through RStudio statistical software. There 

was a significant difference from 0.1 mmol/L to 5 mmol/L as compared to control (Figure 9 b).  



33 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

C D 

E 

Scale bar- 10μm 



34 | P a g e  
 

 

 

Figure 9: Shows the images of MDCK cells with different Fe2+ concentration;  

A) Control  

(B) 0.01 Mm/L 

(C) 0.1 Mm/L  

(D) 1 Mm/L  

(E) 5 Mmol/L  

(7b) Quantitative analysis of cells confluency. Data with the same letter was not significantly 

different at the 5% level.  
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3.7 Gene expression analysis of MDCK cells after exposure to Fe2+
 

After the exposure of MDCK/YFP keratin-8 cells to the Fe2+ ion for 24 hours, the expression levels 

of the selected genes were affected by the increasing the concentration, as compared to the control 

group. The genes examined were chosen among those involved in cellular response to stress 

(HSP70), DNA damage response (ATM), ROS detoxification (SOD1) and iron-responsive 

element-binging protein 2 (IRP2). 

The following genes; Heat shock protein 70 (HSP70) and SOD1, and were upregulated in 

the higher concentration of Fe2+, the ataxia-telangiectasia mutated (ATM); was slightly 

downregulated in 0.01 mmol/l, but significantly upregulated at higher concentration of Fe2+. The 

iron-responsive element-binging protein 2 (IRP2) gene was highly upregulated with concentration 

dependant manner (Figure 10). 
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Figure 10: Shows the relative expression level of the selected gene 
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3.8 MDCK cells growth using a thin coiled rod of UHP iron 

I analyzed the growth of MDCK cells using a very thin coiled rod of UHP iron. The UHP iron rod 

structure was placed in the cells culture for three days. On third day, only few cells were attached 

to the coiled UHP metal. Next, the coiled metal was transferred to fresh growth media (without 

cells) and cultured for further 5 days.  

On 5th day, high number of cells were attached to the surface of UHP metal indicating that 

the few cells that were attached after three days start proliferation in growth media and thus number 

of cell increased and covered almost all the metal surface. These results indicated that the UHP 

thin rod structure can be very useful in stenting phenomenon (Figure 11).  

 

Figure 11: Culture of MDCK–YFP-keratin-8 cells on thin coiled wire made of UHP iron. 

(a) Thin coiled wire (0.5< mm diameter) made of UHP iron before use. (b) Cells on surface of 

UHP iron wire cultured for 3 days (yellow arrows). (c) Cells on surface of UHP iron wire cultured 

for additional 5 days. (d) Cells cultured for additional 5 days at the same magnification of panel 

b. 
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3.9 Energy-Dispersive X-ray spectroscopy (EDS) analysis of UHP iron 

Energy dispersive X-ray analysis was performed. An analytical techniques used to study elemental 

analysis or chemical characterization of each sample/metal plate. EDS analysis showed the 

elements that are present on the UHP Iron surface after three days’ post-cultivation of MDCK/YFP 

Keratin 8 cell line.  

The region of interest (R001); shows the elemental composition of MDCK cells attached 

area, which composed of high percentage of Carbon (C) 48.1 %, Nitrogen (N) 13.1 %, Oxygen 

(O) 30.2 %, Sodium (Na) 0.3 % and Iron (Fe) 8.4 %. 

The ROI002; showing EDS analysis of area without cell attachment. Although, no cell 

attached here but still high percentage of Iron (Fe) and Oxygen (O) is present. It is very important 

characteristic of UHP iron releasing some of the organic materials like collagen etc. to promote 

cell proliferation which not observed in the case of commercially available alloys. 

The region of interest (ROI-1); showing the EDS analysis of UHP iron back side where 

no cell attached and hence having higher percentage of iron (Fe) i.e. 92.3 % and low carbon i.e. 

7.7 %. 
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ZAF method  
Fitting coefficency : 0.1184  

 KeV Mass % σ atoms % 

C 0.277 33.5 0.2 48.1 

N 0.392 10.6 0.2  13.1  

O 0.525 28.1 0.3  30.2 

Na 1.041  0.4  0.0 0.3 

Fe 0.705 27.4  0.6 8.4 

Total  100.0  100.0  

 

 

 

 

 

 

 

 

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

keV

001

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000
C
ou
nt
s

CK
a

NK
a

OK
a

Na
Ka
Fe
Ll
Fe
La

Fe
Ka

Fe
KbOs
Mz

Os
Ma
Os
Mb

Os
Mr

Os
Ll

Os
La

ROI 001 B 



41 | P a g e  
 

 

 

 

ZAF method  
Fitting coefficency : 0.0517  

 KeV Mass % σ atoms % 

C 0.277 6.4 0.1 20.3 

N 0.392 0.5 0.0  1.4  

O 0.525 10.1  0.1   24.3 

Na 1.041  0.1 0.0 0.2 

Fe 0.705  0.0  0.5  52.6  

Total    100.0  
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ZAF method 
Fitting coefficency : 0.0249 

 (keV)    mass %   σ  atoms %  

C  0.277 1.8 0.1 7.7  

Fe  0.705  98.2  1.0  92.3 

Total  100.0   100.0 

 

Figure 12: EDS analysis of UHP iron surface 3 days after culturing MDCK/YFP keratin 8 
cells. 
 
(A) MDCK–YFP-keratin-8 cells on the surface of UHP iron after three days. 

(B) EDS analysis of UHP iron plate area where cell attached 

(C) EDS analysis of area without cell attached 

(D) EDS analysis of area of backside on UHP iron plate without cell attached. Scale bar-50 m 
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3.10 Energy-Dispersive X-ray spectroscopy (EDS) analysis of Co-Cr-Mo alloy and Ti-6Al-

4V alloy 

Furthermore, to compare the elemental composition with that of UHP iron, commercially available 

alloys, namely Co-Cr-Mo alloy and Ti-6Al-4V alloy, were analyzed. Surprisingly, in the case of 

Co-Cr-Mo alloy, the area where no cell attached (ROI-1), no Oxygen (O) and Nitrogen (N) were 

present unlike UHP iron. Furthermore, no release of organic matter was found on the surface of 

this alloy (Figure 12).  

Moreover, in the case of the Ti-6Al-4V alloy, nitrogen (N) was not present in the area to 

which cells were not attached after 3 days of culture of MDCK cells, although in the area where 

cells were attached the Carbon, Nitrogen and Oxygen were present like UHP iron (Figure 13).  

However, no secretion of organic matter was observed on the surface of Ti-6Al-4V, which 

was present in the case of UHP iron plate. These results suggested that ultra-high pure (UHP) iron 

has strong biocompatibility and bioavailability to be used as an implant.   

 

                                                                                                                                             Scale bar- 50 μm 

A 



44 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

ZAF method  
Fitting coefficency : 0.0250  

 KeV Mass % σ atoms % 

C 0.277 49.4 0.2 58.6 

N 0.392 16.3  0.3 16.5 

O 0.525 24.0 0.3 21.3 

Na 1.04 1.2  0.0  0.7 

Si 1.739 0.3  0.0 0.1 

P 2.013 1.3 0.1  0.6 

S 2.307 1.1 0.0 0.5 

Cr ND ND 

Co 0.776 6.5  0.2 1.6 

Total  100  100.0  
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ZAF method  

 Fitting coefficiency : 0.0906  

                            (keV)                 mass %                  σ                                atoms %  

C 0.277 2.4 0.0 10.5 

Si  1.739 1.0 0.0 1.9 

Cr 0.573 25.8 0.4 26.2 

Co 0.776 65.2 0.4 58.3 

Mo 2.293 5.5 0.1 3.0 

Total  100.0  100.0 

 

Figure 13: EDS analysis of the surface of a Co-Cr-Mo alloy plate after 3days of culture of 

MDCK–YFP-keratin-8 cells. 

(A) MDCK–YFP-keratin-8 cells on the surface of Co-Cr-Mo alloy 

(B) EDS analysis of area without cell attached 

(C) EDS analysis of area of cell attached, Scale bar- 0.5 m 
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ZAF method  
 Fitting coefficiency : 0.0906  

           (keV)       mass %                     σ                             atoms %  

C 0.277  50.4  0.2  57.3 

N 0.392 19.4  0.3  18.9 

O 0.525   25.2  0.3 21.5  

Na 1.041 1.7  0.0 1.0  

P 2.013  1.4  0.1 0.6  

S 2.307 1.0 0.0  0.4  

Ti 4.508  1.0 0.1  0.3   

Total  100  100.0  
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ZAF method  

 Fitting coefficiency : 0.0906  

                           (KeV)                       mass %                    σ                                       atoms % 

C 0.277  3.3 0.0 8.5 

O 0.525  17.9 0.2 34.4 

Na 1.041 1.7 0.0 2.3 

Mg 1.253 0.4 0.0 0.5 

Al 1.486 4.2 0.1 4.8 

Si 1.739 6.4 0.1 7.0 

Ca 3.690 1.0 0.1 0.8 

Ti 4.508 65.1 0.5 41.8 

Total  100  100.0  

 

Figure 14: EDS analysis of the surface of a Ti-6Al-4V alloy plate after 3 days of culture of 

MDCK–YFP-keratin-8 cells.  

(A) MDCK–YFP-keratin-8 cells on the surface of Ti-6Al-4V alloy 

(B) EDS analysis of area without cell attached  

(C) EDS analysis of area of cell attached, Scale bar- 200 m. 
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3.11 Surface analysis of metal plates through SEM 

 I also analyzed the surface morphologies of each metal plate. In the case of ultra-high pure (UHP) 

iron the surface was very smooth and shiny (Figure 15 A), while the surface of Co-Mo-Mo alloy 

seemed a bit rough (Figure 15 B) and the surface of Ti-6Al-4V was the roughest (Figure 15 C) 

among all of these metals plate. 

 

 

Figure 15: Scanning electron microscopy analysis of each metal surface 

(A) Surface of UHP iron 

(B) Surface of Co-Cr-Mo alloy 

(C) Surface of Ti-6Al-4V alloy 

 

 

3.12 MDCK cells on the surface of other metal plates 

The growth of MDCK cells was checked on the surface of other metal plates and in culture dishes. 

MDCK/YFP keratin 8 cells were cultured in a 35 mm culture dish plate at 37 °C in a humidified 

atmosphere of 5% CO2 for 3 days. I used the following metals and steel that are commercially 

available; SK-5M, SUY-1 and SUS304, respectively. In the case of SK-5M, which is a normal 

10 m 

A B C 



49 | P a g e  
 

iron plate (not UHP iron), MDCK cells growth is weak, and the cells on the surface of the culture 

dish plate are also filamentous like aberrant morphology (Figure 16B).  

In addition, I analyzed the growth of cells with SUY-1 and SUS-304, which is a stainless 

steel plate. In the case of stainless steel, cell growth was arrested by toxic ions generated from 

these stainless steels in both the surface and culture areas (Figure 16C and D).  

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure 16: Shows the growth of MDCK cells with commercially available implants 

(A) Control (B) SK-5M (C) SUY-1 (D) SUS-304.  

SK-5M normal iron plate, cells did not grow at all on the metal surface & also shows 

abnormal cell morphology in the outside surrounding area of culture dish. SUY-1 and SUS-304; 

stainless steel, cells are observed on these metal plate surface are abnormal in morphology. 

A B 

C D 

Scale bar- 10μm 
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3.13 C2C12 proliferation and differentiation analysis with UHP iron 

To further illustrate the biocompatibility of ultra-high pure iron, I analyzed the C2C12 

differentiation. The C2C12 cells line was used, cultured for 3 days in growth medium, and then 

the growth medium was replaced with differentiation medium at 37°C. I changed the 

differentiation medium every 24 hours for 5 consecutive days. 

First, the C2C12 cells line was cultured for 3 days using ultra-high pure iron to confirm 

proliferation. On the third day, C2C12 cells were stained with Calcein AM solution and analyzed 

cell growth with UHP iron surface and culture dish growth. Interestingly, the growth of C2C12 

cells was significant in both cases (Figure 16 A and C). To confirm myotube differentiation 

analysis, cells were cultured in growth medium for 3 days and after reaching confluence (i.e. > 

80% of confluence), growth medium was replaced with differentiation medium for 5 days. 

  On the 5th day, C2C12 cells were stained with calcein AM solution to analyze myotube 

differentiation on the surface of UHP iron and in the culture dish area. Interestingly, multiple layers 

of elongated C2C12 cells were observed with UHP iron surface (Figure 16 B).  

Moreover, in the culture dish area also significant differentiation of myotubes were observed 

(Figure 16 D). These results clearly suggesting that the ultra-high pure (UHP) showed a striking 

behaviour toward myotubes formation.  
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Figure 16: Flourescence micrscopy images of C2C12 cells line.  

(A) Shows the C2C12 cell proliferation after 3 days on the surface of UHP iron surface  

(B) Shows myotubes differentiation on the surface of UHP iron after 5 days.  

(C) Shows the C2C12 cells line proliferation after 3 days in the culture dish area  

 (D) Myotubes differentiation in the culture dish area after 5 days.  

 

 

 

 

A B 

C D 

Scale bar- 10μm 
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3.14 Scanning electron microscopy (SEM) analysis of C2C12 cells line 

SEM analysis further confirmed the growth and differentiation of the C2C12 cells line on the 

surface of ultra high pure iron. Scanning electron microscopy results further support C2C12 cells 

growth and differentiation. C2C12 cells were cultured in a growth medium at 37°C. for 3 days in 

a 5% humidified CO2 incubator. On day 3, cells were fixed with 2% glutaraldehyde in 30 mM 

HEPES-KOH (PH 7.5) for 60 minutes. After dehydration with the ethanol series, the sample was 

dried with a CO2 critical point dryer and analyzed by SEM. Surface cells grew very well and were 

highly confluent (FIG. 17A). 

 Similarly, C2C12 cells were cultured in growth medium for 3 days, and the growth medium 

was replaced with myogenic differentiation medium on day 3. The cultured cells were placed in a 

CO2 incubator for 5 days, and the differentiation medium was changed every 24 hours for 5 days. 

On day 5, cells were fixed as described above and analyzed with SEM microscope (Figure 17B). 

 

Figure 17: SEM analysis of C2C12 cells on the surface of UHP-iron.  

A) C2C12 cells on the surface of UHP iron after 3 days’ culture. Scale bar- 100 μm. 

(B) C2C12 cells on the surface of UHP iron plate SEM after 5 days’ differentiation, multilayers of 

elongated C2C12 cells on UHP iron surface. Scale bar- 10 μm. 

B A 



53 | P a g e  
 

3.15 C2C12 cells proliferation and differentiation analysis using other iron plates 

I used commercial iron such as Fe-N and low-purity iron such as super-high pure iron (SHP-HA-

AR). The growth of the C2C12 cells line was analyzed before and after differentiation. C2C12 

cells were cultured in a growth medium at 37°C for 3 days in a 5% humidified CO2 incubator and 

examined for growth on the surface of the plate. These iron plates were also used to analyze 

myotube differentiation (18 [i]). 

In the case of SHP-HA-AR iron (HA-AR; hydrogen annealing as rolling), cell growth was 

also significant on the surface in the culture dish area. Furthermore, C2C12 differentiation was 

found to be significant in both cases (ie, metal surface and culture dish surface). Similar results 

were seen when Fe-N plates were used, with good cell growth and differentiation (Figure 18 [ii]). 
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Figure 18 (i): C2C12 cells growth (3 days) and differentiation analysis (5 days) using SHP-

HA-AR plate and Fe-N plate. Left panel shows fluorescence images while right panel shows 

bright field images.   

(A and A’) C2C12 cells on the surface of   SHP-HA-AR after 3 days culture. 

(B and B’) C2C12 cells differentiation on the surface of   SHP-HA-AR after 5 days 

(C and C’) C2C12 cells in the culture surface with SHP-HA-AR after 3 days culture  

(D and D’) C2C12 cells in the culture surface with SHP-HA-AR after 5 days culture 
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D D’ 

Scale bar- 10μm 
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Figure 18 (ii): Shows the growth and differentiation of C2C12 cells line with Fe-N.  

(A and A’) C2C12 cells on the surface of   Fe-N after 3 days culture. 

(B and B’) C2C12 cells differentiation on the surface of   Fe-N after 5 days 

(C and C’) C2C12 cells in the culture surface with Fe-N after 3 days culture  

(D and D’) C2C12 cells in the culture surface with Fe-N after 5 days culture 
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3.15 Osteogenic differentiation analysis 

Osteocytes differentiation was analyzed to further investigate the biocompatibility of ultra-high 

pure (UHP) iron. Mesenchymal stem cells (MSCs) cell lines were used and cultured for 21 days 

in osteogenic differentiation medium at 37°C in a 5% humidified CO2 incubator to confirm 

calcium deposition. At day 21, cells were stained with alizarin red S and observed osteogenic 

differentiation to UHP iron.  

In the case of UHP iron, significant mineralization was found, suggesting the osteogenic 

differentiation on the surface of UHP iron as well in the culture dish area with UHP iron (Figure 

19). 

 

Figure 19: Alizarin Red S staining of MSC cells. 

(A) MSCs differentiated cells for 21 days in culture dish. 

                    (B) MSCs differentiated cells for 21 days on UHP iron plate. Scale bar-100 μm 
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3.16 Mesenchymal stem cells (MSCs) growth and differentiation using other Fe plates 

As with the C2C12 cells line, growth on these plates was also good so, I examined the growth and 

differentiation of MSCs on the other Fe plates to investigate myotube differentiation analysis. I 

cultured the MSCs for three days in two replicate in MSCs growth medium with no Fe plate (as a 

control). On the third day, in one replicate the growth medium was replaced with the osteogenic 

differentiation medium and placed in the incubator for 19 days by adding fresh osteogenic medium 

after 2-3 days regularly. Another replicate was stained with Alizarin Red S on day 3 and the image 

was taken (Figure 20A).  

The samples which were incubated for 19 days, the osteogenic differentiation medium was 

removed and stained with Alizarin Red S. At 19th day, the mineralization was found significantly 

as compared to the 3 days’ control sample. The positive osteogenic culture showed more intense 

alizarin red staining, showing that the more calcium deposition (Figure 20B).  

 
Figure 20: Alizarin Red S staining of MSC cells 

                      (A) MSCs cells after 3 days without Fe plate 

                      (B) MSCs cells after 19 days without Fe plate. 

 

A B 

Scale bar- 10μm 
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Next, I analyzed the MSCs differentiation with super-high pure iron; hydrogen annealing (SHP-

HA-AR) and Fe treated with nitrogen gas (Fe-N). In the case of SHP-HA-AR, the calcium 

depositions were not so significant in both the iron plate surface as well as in the culture dish area 

(Figure 21 A and B) at the 19th day.  Surprisingly, in the case of Fe-N iron samples, the cell 

morphology was changed and cell differentiation was also aberrant in culture dishes and cells did 

not differentiate into osteocytes on the surface of Fe-N (Figure 21 E and F).  

This suggested that high levels of toxic ions were released from the Fe-N plate, which not 

only inhibited growth but also affected the morphology of the cells in the culture dish area. These 

results suggested that these Fe plate is not suitable as an implant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Alizarin Red S staining of MSC cells after 19 days 

(A) Shows UHP-HA-AR plastic area (B) Shows UHP-HA-AR metal surface 

(C) Shows Fe-N plastic area                (D) Shows Fe-N surface 

Scale bar- 10μm 
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3.17 Collagen analysis 

I examined the interaction of collagen on the surface of UHP iron metal plate as well as titanium 

metal plate (Ti-6Al-4V) and glass coverslip. The FITC labelled collagen was diluted with different 

concentration (0.1 mg/ml) and each sample was soaked in collagen for one hour. After one hour, 

the glass surfaces at 0.001 mg/ml, no GFP signals were observed. 

Interestingly, in UHP metal plate case, high FITC collagen has been found in the case 0.1 

mg/ml dilution of collagen. However, in the case of glass cover slip and Ti-6Al-4V, the attachment 

was weak. In vitro collagen binding analysis also showed that UHP iron can bind much more 

FITC-labelled collagens than slide glass and Ti-6Al-4V plate (Figure 21 a, b). 
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               Figure 21: Collagen-binging intensity on the surface of each sample 

(a) After soaking 0.01 mg/ml FITC-labelled collagen solution, FITC fluorescence on surface of 

slide glass, Ti-6Al-4V, and UHP iron plates were visualized with a fluorescent stereo microscopy.  

(b) FITC intensity was quantified by Image J software (+SD, n = 5). Data with the different letter 

significantly differed at the 5% level. Scale bar, 200 m. 
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The performance of any material in the human body is measured by 

biofunctionality and biocompatibility. Metallic materials in the form of metals screw and plates 

are widely used when there is an urgent need for permanent and structural maintenance (Agarwal 

and García, 2015). In culturing the cells on biomaterial surfaces, surface free energy is a key factor 

that monitors the primary actions happening at the biomaterial/biological interface, such as 

interface of water and proteins with biomaterial, and these actions monitor further response 

(Rosales-Leal et al., 2010; Rupp et al., 2006). Differences in the toxicological characteristic of 

nanosized and non-nanosized particles have been extensively analyzed for titanium dioxide 

particles.  

  On the other hand, interpretations, based on iron, cobalt, and nickel, which have many 

applications that have not received the same consideration (Lai et al., 2008) (Wang et al., 2007) 

(Palombella et al., 2017). One of the key complications in orthopedic implantations is the 

loosening of the artificial body parts (prosthesis) in the bone, and the existence of remains or wear 

producing failure of the medical implants; these difficulties are directly associated to the wear and 

rust/corrosion surface properties of the alloy. Pure metals have no strength, resistance, ductility, 

and extra properties that alloys possess; for this purpose, adding of one or more metals to the base 

element is compulsory to change the transparent structure and, thus, its mechanical features.  

Due to the improved corrosion resistance that plays an important role in medical implants, 

three alloys widely used in biomedicine; Co-Cr-Mo alloy (ASTM F75), Ti-Al-V (Ti-6-Al-4V) and 

stainless steel AISI 316L (Fe-Cr-Ni-Mo). Overall, these materials have a clear and accurate 

chemical composition, but the final properties are closely related to the crystal structure, which is 

a direct result of the manufacturing process.  
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Metal materials can go through the manufacturing process, solidification, forming and heat 

treatment. Individual metals tend to produce the best mechanical properties with heat treatment 

procedures, despite achieving excellent anti-corrosion properties (Prodana et al., 2015). 

This study was conducted to determine the long-term performance and biocompatibility of 

the promising ultra-high pure iron. Currently, permanent and inert metals such as titanium (Ti) 

alloys and stainless steel maintain the gold standard for internal fixation devices. However, these 

materials are associated with long-term problems such as skeletal growth (mainly pediatrics), 

tissue burns, contamination, radiological image interference, and unwanted aesthetic (mainly 

craniofacial implant) interference (Chaya et al., 2015; Chou et al., 2013). Therefore, permanent 

fixation devices require invasive surgical removal (Busam et al., 2006; Hanson et al., 2008). 

Titanium is supposed to be responsible for a high release of oxygen-free radicals and reactive 

nitrogen species (Borys et al., 2018).  

Titanium compounds can cause biological effects of the metallic ions discharge or allergic 

reactions. Vanadium (V) and aluminum (Al) in the Ti-6Al-4V alloy were shown to be potentially 

cytotoxic, and with the passage of time, the alloy produced adverse reactions in the body tissues 

(Li et al., 2010; Okazaki et al., 1998).  

These data supported the use of ultra-high pure iron as an implants, as the cell growth was 

significant and no toxic effect was found on the surface of ultra-high pure iron. However, there is 

still an absence of in vivo data evaluating UHP iron as authentic bio-implant as compared to the 

other commercially available metal used. The lower growth in the case of Ti-6Al-4V & Co-Cr-Mo 

implants, the toxicity issues employed by metal ions such that Co and Cr to osteoblasts, 

macrophages, monocytes and their cellular mechanism of action is recognized.  
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Majority of the situations induces oxidative stress conciliate cell death (Dalal et al., 2012; Rani 

Bijukumar et al., 2018). Metals ions like Co2+ and Cr3+, or even Cr6+ can be produced from Co-

Cr-Mo hip prostheses can arouse macrophage apoptotic vs. necrotic death and impairment the 

adjacent tissues (Wang et al., 2017). It is known that in the wet and salty environments of the 

human body, cobalt chrome corrosion produces toxins in the body, which results in the 

development of numerous cancers (Manivasagam et al., 2010). The results of SEM suggest that 

MDCK cells are strongly attached to the surface in the ultra-high pure iron as compared to the 

conventional metal alloys. Moreover, the cells cultivated on the UHP iron were capable to directly 

spread out their filopodia and attached to the surface, which has also been observed when cells are 

cultivated on other biomaterials with reasonably rough surface (Chan et al., 2018; Nazarov et al., 

2018).  

I did not found any indication of toxic effects, such as bleb or non-intact cell membranes 

in ultra-high pure iron as seen in the case of other materials as aluminum or vanadium ions are 

considered cell toxic. Our results suggest that cells attached to the surface of UHP iron metal 

present a large amount of filopodia, which directs cell adhesion. Filopodia are cells nano-sensory 

tools accountable for penetrating the exterior environment for dimensional, topographical and 

chemical indications (Cunha et al., 2015), development of filopodia is directly related to cell 

movement.  

In addition to the morphological changes, a significant induction of MT2A and HSP70 

gene upon treatment with Fe-N, S45C was observed. Metallothionein are small cysteine-rich 

proteins that can be induced by both heavy metals and oxidative stress and act by scavenging ROS 

in a similar way to reduced glutathione (Andrews, 2000a; Natoli et al., 2009). HSP70 responds to 

heat and oxidative stress and heavy metals like cadmium.  
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Hsp70 over-exposure in MDCK cells was revealed to decrease oxidative stress by increasing the 

action of the anti-oxidative enzymes glutathione peroxidase and reductase (Guo et al., 2007). 

Therefore, the induction of MT2A and HSP70 genes may contribute to the ability of MDCK cells 

to recover the effects of Fe2+ exposure. Mammalian SOD1 is greatly expressed in the liver and 

kidney. Overexpression of SOD1 induce oxidative stress in a wide range of organisms and lead to 

the excessive H2O2 formation, and consequent iron associated exasperation of oxidative stress by 

the redox reaction of H2O2 with ferrous iron, however, also through the H2O2 dependent disruption 

of iron homeostasis controlling mechanisms (Gajowiak et al., 2016; ORINO et al., 2001).  

The ATM level was significantly higher in the case of Fe-N and S45C indicating the   overload of 

iron (McDonald et al., 2011). 

It has been demonstrated that the surface thickness and the chemical structure of the 

implant surface layers recognize the tissue response by regulating biological actions at the implant 

tissue interface (Göransson et al., 2003; Mirhosseini et al., 2007). The modification between 

proliferation and differentiation and its precise regulator and control are necessary in tissue 

engineering applications (Bacakova et al., 2011). Improvement has been prepared in binding 

biological methodologies for skeletal muscle renewal, there are still challenges in proliferating 

muscle cells in vitro and holding skeletal muscle cell function with physical contraction powers 

(Qazi et al., 2015),(Yi et al., 2017).  

  Other metal showing some disadvantages in early childhood or late stages in old age. 

Currently the widely used material of Ti-6Al-4V alloy is most commonly used in total joint 

replacement implants due to its outstanding mechanical and anti-corrosive properties, but it 

comprises vanadium which is recognized to be cytotoxic (Marini et al., 2015; Okazaki and 

Nishimura, 2000).The C2C12 cells are well-known to form myotubes, when cultured for a number 
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of days at a confluent density (Kashiwagi et al., 2009). Ultra-high pure (UHP) iron showed great 

potential towards cell proliferation & myotubes formation with UHP iron and culture plate. 

The initial attachment and adhesion of mesenchymal stem cells (MSCs) on the biomaterial 

surface is an important factor in cell survival, proliferation and differentiation (Divakarla et al., 

2018). The adhesion word in the biomaterials area covers the attachment stage which happens 

quickly and encompasses instant measures such that physicochemical relationships between cells 

and materials, and the adhesion phase happening in the extensive duration and containing 

biological molecules (García-Alonso et al., 2009). 

It is becoming increasingly clear that both the mechanical and biochemical properties of 

the substrate play an important role. Because osteoblast adhesion is a prerequisite for subsequent 

function (deposition of calcium-containing minerals, etc.) (Discher et al., 2005; Gribova et al., 

2013; Ocampo et al., 2019; Webster and Ejiofor, 2004).  

By using the mesenchymal stem cells, the ultra-high pure iron (UHP) shows its striking 

behavior in the attachment to the substrate without any additional coating compared to the current 

day commercially available pure metal. The ultrahigh-pure iron shows its high capability of the 

osteoinduction formation on the surface as well as in the plastic area of the culture dish 

respectively.  

The another peculiar behavior of UHP is that it is hardly react with acids such as HCl, so 

it may prove to be an excellent implant in the casting and oesophageal stenting as the Fe stents 

display high radial power and as a result, allow for exceptionally thin stent struts making a more 

ductile structure, creating it at ease to move into the artery. MDCK cells growth was reduced by 

applying Fe2+. The Fe2+ has strong effect on the cell proliferation and growth, so increase in 

concentration decreases the growth of MDCK cells and also influence the cell shape. Depending 
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on the cellular toxicity of iron, besides its valency, solubility and linkage and response time. 

Intracellular free iron can induce oxidative stress leading to cellular injury (He et al., 2008).  

Increased iron intensities damage DNA. It is believed that iron has been shown to function 

as a toxic cell antioxidant. Fe (II) plays a major role in the Fenton response, generating excess free 

radicals and attacking cell membranes, reducing stability and increasing membrane permeability 

(Núñez et al., 2001; Zager et al., 1993; Zödl et al., 2004). The free iron reacts in a series of 

reactions that produce reactive oxygen species (ROS) e.g. hydroxyl radicals causing in oxidative 

cellular impairment. Increasing volumes of free iron have been shown to encourage lipid 

peroxidation in intestinal cells (Kuratko, 1999; Zödl et al., 2004). 

In my opinion, this is the basic study to demonstrate the consequences of ultra-high pure 

iron. These results supported the prospective consumption of ultra-high pure iron as fracture 

fixation manoeuvres and in other biomedical applications. 
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Synthetic materials are the first basis for building new equipment for tissue interface engineers. In 

recent years, the improvement and application of metal alloys in the medical field has been 

determined by wear resistance and rust due to the possibility of implant catastrophe caused by the 

release of particles and ions. An important characteristic of biomaterials is that they do not promote 

negative reactions when placed in service. In other words, it means that the material is 

biocompatible. 

In addition, good mechanical properties, durability, high corrosion resistance, and excellent 

wear resistance are required. In addition, the materials used as implants are expected to be very 

non-toxic and should not cause inflammatory or allergic reactions in the human body. 

In conclusion, these results revealed the uniqueness of ultra-high pure iron, which allows not only 

adhesion and proliferation of mammalian cells but also osteocytes and Myotubes formation 

without surface coating compared to conventional biomaterials. Also, UHP iron has shown great 

interaction with collagen attachment. 

This improves the biocompatibility of bone formation and myotube differentiation, as well 

as the attachment and proliferation of mammalian cells, as well as the need for surface coatings 

over traditional biomaterials. These assessments will enable the novel use of UHP iron as a 

therapeutic material in the growing biomedical field. New materials, implant designs, and surgical 

techniques have allowed muscles to be transplanted into young and active patients. 

Therefore, there is a need to develop biomaterials does not cause adverse reactions to the human 

body when implanted in the body, but instead promotes a regenerative microenvironment and 

restores tissue function.  

 

 



71 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 
 



72 | P a g e  
 

1) Abbaspour, N., Hurrell, R., Kelishadi, R., 2014. Review on iron and its importance for 

human health. Journal of research in medical sciences: the official journal of Isfahan 

University of Medical Sciences 19, 164. 

2) Abiko, K., Nakajima, T., Harima, N., Takaki, S., 1998. Preparation of 10 kg Ingot of Ultra‐

Pure Iron. physica status solidi (a) 167, 347-355. 

3) Acosta-Cabronero, J., Cardenas-Blanco, A., Betts, M.J., Butryn, M., Valdes-Herrera, J.P., 

Galazky, I., Nestor, P.J., 2016. The whole-brain pattern of magnetic susceptibility 

perturbations in Parkinson’s disease. Brain 140, 118-131. 

4) Agarwal, R., García, A.J., 2015. Biomaterial strategies for engineering implants for 

enhanced osseointegration and bone repair. Advanced drug delivery reviews 94, 53-62. 

5) Andrews, G.K., 2000a. Regulation of metallothionein gene expression by oxidative stress 

and metal ions. Biochemical pharmacology 59, 95-104. 

6) Andrews, N.C., 2000b. Iron homeostasis: insights from genetics and animal models. 

Nature Reviews Genetics 1, 208. 

7) Asri, R., Harun, W., Hassan, M., Ghani, S., Buyong, Z., 2016. A review of hydroxyapatite-

based coating techniques: Sol–gel and electrochemical depositions on biocompatible 

metals. Journal of the mechanical behavior of biomedical materials 57, 95-108. 

8) Bacakova, L., Filova, E., Parizek, M., Ruml, T., Svorcik, V., 2011. Modulation of cell 

adhesion, proliferation and differentiation on materials designed for body implants. 

Biotechnology advances 29, 739-767. 

9) Balani, K., Anderson, R., Laha, T., Andara, M., Tercero, J., Crumpler, E., Agarwal, A., 

2007. Plasma-sprayed carbon nanotube reinforced hydroxyapatite coatings and their 

interaction with human osteoblasts in vitro. Biomaterials 28, 618-624. 



73 | P a g e  
 

10) Bhola, R., Bhola, S.M., Mishra, B., Ayers, R., Olson, D.L., Ohno, T., 2011. Cellular 

response of titanium and its alloys as implants. Journal of Oral Implantology 37, 387-399. 

11) Borys, J., Maciejczyk, M., Antonowicz, B., Krętowski, A., Waszkiel, D., Bortnik, P., 

Czarniecka-Bargłowska, K., Kocisz, M., Szulimowska, J., Czajkowski, M., 2018. 

Exposure to Ti4Al4V titanium alloy leads to redox abnormalities, oxidative stress, and 

oxidative damage in patients treated for mandible fractures. Oxidative medicine and 

cellular longevity 2018. 

12) Braymer, J.J., Lill, R., 2017. Iron–sulfur cluster biogenesis and trafficking in mitochondria. 

Journal of Biological Chemistry 292, 12754-12763. 

13) Brissot, P., Ropert, M., Le Lan, C., Loréal, O., 2012. Non-transferrin bound iron: a key 

role in iron overload and iron toxicity. Biochimica et Biophysica Acta (BBA)-General 

Subjects 1820, 403-410. 

14) Busam, M.L., Esther, R.J., Obremskey, W.T., 2006. Hardware removal: indications and 

expectations. JAAOS-Journal of the American Academy of Orthopaedic Surgeons 14, 113-

120. 

15) Castellani, C., Lindtner, R.A., Hausbrandt, P., Tschegg, E., Stanzl-Tschegg, S.E., Zanoni, 

G., Beck, S., Weinberg, A.-M., 2011. Bone–implant interface strength and 

osseointegration: Biodegradable magnesium alloy versus standard titanium control. Acta 

biomaterialia 7, 432-440. 

16) Chan, Y.-H., Lew, W.-Z., Lu, E., Loretz, T., Lu, L., Lin, C.-T., Feng, S.-W., 2018. An 

evaluation of the biocompatibility and osseointegration of novel glass fiber reinforced 

composite implants: In vitro and in vivo studies. Dental Materials 34, 470-485. 



74 | P a g e  
 

17) Chaya, A., Yoshizawa, S., Verdelis, K., Myers, N., Costello, B.J., Chou, D.-T., Pal, S., 

Maiti, S., Kumta, P.N., Sfeir, C., 2015. In vivo study of magnesium plate and screw 

degradation and bone fracture healing. Acta biomaterialia 18, 262-269. 

18) Chen, Q., Thouas, G.A., 2015. Metallic implant biomaterials. Materials Science and 

Engineering: R: Reports 87, 1-57. 

19) Chou, D.-T., Hong, D., Saha, P., Ferrero, J., Lee, B., Tan, Z., Dong, Z., Kumta, P.N., 2013. 

In vitro and in vivo corrosion, cytocompatibility and mechanical properties of 

biodegradable Mg–Y–Ca–Zr alloys as implant materials. Acta biomaterialia 9, 8518-8533. 

20) Cunha, A., Zouani, O.F., Plawinski, L., Botelho do Rego, A.M., Almeida, A., Vilar, R., 

Durrieu, M.-C., 2015. Human mesenchymal stem cell behavior on femtosecond laser-

textured Ti-6Al-4V surfaces. Nanomedicine 10, 725-739. 

21) Dalal, A., Pawar, V., McAllister, K., Weaver, C., Hallab, N.J., 2012. Orthopedic implant 

cobalt‐alloy particles produce greater toxicity and inflammatory cytokines than titanium 

alloy and zirconium alloy‐based particles in vitro, in human osteoblasts, fibroblasts, and 

macrophages. Journal of Biomedical Materials Research Part A 100, 2147-2158. 

22) Dalby, M.J., Gadegaard, N., Tare, R., Andar, A., Riehle, M.O., Herzyk, P., Wilkinson, 

C.D., Oreffo, R.O., 2007. The control of human mesenchymal cell differentiation using 

nanoscale symmetry and disorder. Nature materials 6, 997. 

23) Discher, D.E., Janmey, P., Wang, Y.-l., 2005. Tissue cells feel and respond to the stiffness 

of their substrate. Science 310, 1139-1143. 

24) Divakarla, S.K., Yamaguchi, S., Kokubo, T., Han, D.-W., Lee, J.H., Chrzanowski, W., 

2018. Improved bioactivity of GUMMETAL®, Ti59Nb36Ta2Zr3O0. 3, via formation of 

nanostructured surfaces. Journal of tissue engineering 9, 2041731418774178. 



75 | P a g e  
 

25) Dixon, S.J., Stockwell, B.R., 2014. The role of iron and reactive oxygen species in cell 

death. Nature chemical biology 10, 9. 

26) Dobbs, H., Scales, J., 1983. Behavior of commercially pure titanium and Ti-318 (Ti-6Al-

4V) in orthopedic implants, Titanium alloys in surgical implants. ASTM International. 

27) Dobrzańska-Danikiewicz, A., Gaweł, T., Wolany, W., 2015. Ti6Al4V titanium alloy used 

as a modern biomimetic material. Archives of Materials Science and Engineering 76, 150-

156. 

28) Franken, N.A., Rodermond, H.M., Stap, J., Haveman, J., Van Bree, C., 2006. Clonogenic 

assay of cells in vitro. Nature protocols 1, 2315. 

29) Fuss, J.O., Tsai, C.-L., Ishida, J.P., Tainer, J.A., 2015. Emerging critical roles of Fe–S 

clusters in DNA replication and repair. Biochimica et Biophysica Acta (BBA)-Molecular 

Cell Research 1853, 1253-1271. 

30) Gajowiak, A., Styś, A., Starzyński, R.R., Bednarz, A., Lenartowicz, M., Staroń, R., 

Lipiński, P., 2016. Mice overexpressing both non-mutated human SOD1 and mutated 

SOD1G93A genes: a competent experimental model for studying iron metabolism in 

amyotrophic lateral sclerosis. Frontiers in molecular neuroscience 8, 82. 

31) García-Alonso, M., Saldaña, L., Alonso, C., Barranco, V., Muñoz-Morris, M., Escudero, 

M., 2009. In situ cell culture monitoring on a Ti–6Al–4V surface by electrochemical 

techniques. Acta biomaterialia 5, 1374-1384. 

32) Geetha, M., Singh, A.K., Asokamani, R., Gogia, A.K., 2009. Ti based biomaterials, the 

ultimate choice for orthopaedic implants–a review. Progress in materials science 54, 397-

425. 



76 | P a g e  
 

33) Göransson, A., Jansson, E., Tengvall, P., Wennerberg, A., 2003. Bone formation after 4 

weeks around blood-plasma-modified titanium implants with varying surface 

topographies: an in vivo study. Biomaterials 24, 197-205. 

34) Gribova, V., Gauthier-Rouvière, C., Albigès-Rizo, C., Auzely-Velty, R., Picart, C., 2013. 

Effect of RGD functionalization and stiffness modulation of polyelectrolyte multilayer 

films on muscle cell differentiation. Acta biomaterialia 9, 6468-6480. 

35) Gropper, S.S., Smith, J.L., 2012. Advanced nutrition and human metabolism. Cengage 

Learning. 

36) Grzelak, A., Wojewódzka, M., Meczynska-Wielgosz, S., Zuberek, M., Wojciechowska, 

D., Kruszewski, M., 2018. Crucial role of chelatable iron in silver nanoparticles induced 

DNA damage and cytotoxicity. Redox biology. 

37) Guillem-Marti, J., Gelabert, M., Heras-Parets, A., Pegueroles, M., Ginebra, M.-P., Manero, 

J.M., 2019. RGD mutation of the heparin binding II fragment of fibronectin for guiding 

mesenchymal stem cell behavior on titanium surfaces. ACS applied materials & interfaces 

11, 3666-3678. 

38) Guo, S., Wharton, W., Moseley, P., Shi, H., 2007. Heat shock protein 70 regulates cellular 

redox status by modulating glutathione-related enzyme activities. Cell stress & chaperones 

12, 245. 

39) Hanawa, T., 2002. Evaluation techniques of metallic biomaterials in vitro. Science and 

Technology of Advanced Materials 3, 289-295. 

40) Hanawa, T., 2004. Metal ion release from metal implants. Materials Science and 

Engineering: C 24, 745-752. 



77 | P a g e  
 

41) Hanson, B., van der Werken, C., Stengel, D., 2008. Surgeons' beliefs and perceptions about 

removal of orthopaedic implants. BMC Musculoskeletal disorders 9, 73. 

42) He, W.-l., Feng, Y., Li, X.-l., Wei, Y.-y., Yang, X.-e., 2008. Availability and toxicity of Fe 

(II) and Fe (III) in Caco-2 cells. Journal of Zhejiang University Science B 9, 707-712. 

43) Hermawan, H., Ramdan, D., Djuansjah, J.R., 2011. Metals for biomedical applications, 

Biomedical engineering-from theory to applications. InTech. 

44) Hynowska, A., Blanquer, A., Pellicer, E., Fornell, J., Suriñach, S., Baró, M.D., González, 

S., Ibáñez, E., Barrios, L., Nogués, C., 2013. Novel Ti–Zr–Hf–Fe nanostructured alloy for 

biomedical applications. Materials 6, 4930-4945. 

45) Kashiwagi, K., Tsuji, T., Shiba, K., 2009. Directional BMP-2 for functionalization of 

titanium surfaces. Biomaterials 30, 1166-1175. 

46) Katti, D., Lakshmi, S., Langer, R., Laurencin, C., 2002. Toxicity, biodegradation and 

elimination of polyanhydrides. Advanced drug delivery reviews 54, 933-961. 

47) Khanal, S.P., 2016. Improving the mechanical properties of nano-hydroxyapatite. Florida 

Atlantic University. 

48) Kuratko, C.N., 1999. Iron increases manganese superoxide dismutase activity in intestinal 

epithelial cells. Toxicology letters 104, 151-158. 

49) Lai, J.C., Lai, M.B., Jandhyam, S., Dukhande, V.V., Bhushan, A., Daniels, C.K., Leung, 

S.W., 2008. Exposure to titanium dioxide and other metallic oxide nanoparticles induces 

cytotoxicity on human neural cells and fibroblasts. International journal of nanomedicine 

3, 533. 

50) Li, Y., Wong, C., Xiong, J., Hodgson, P., Wen, C., 2010. Cytotoxicity of titanium and 

titanium alloying elements. Journal of dental research 89, 493-497. 



78 | P a g e  
 

51) Lill, R., 2009. Function and biogenesis of iron–sulphur proteins. Nature 460, 831. 

52) Lill, R., Dutkiewicz, R., Freibert, S.A., Heidenreich, T., Mascarenhas, J., Netz, D.J., Paul, 

V.D., Pierik, A.J., Richter, N., Stümpfig, M., 2015. The role of mitochondria and the CIA 

machinery in the maturation of cytosolic and nuclear iron–sulfur proteins. European 

journal of cell biology 94, 280-291. 

53) Logan, N., Sherif, A., Cross, A.J., Collins, S.N., Traynor, A., Bozec, L., Parkin, I.P., Brett, 

P., 2015. TiO2‐coated CoCrMo: Improving the osteogenic differentiation and adhesion of 

mesenchymal stem cells in vitro. Journal of Biomedical Materials Research Part A 103, 

1208-1217. 

54) López, M., Gutiérrez, A., Jiménez, J.A., 2002. In vitro corrosion behaviour of titanium 

alloys without vanadium. Electrochimica Acta 47, 1359-1364. 

55) Maho, A., Detriche, S., Delhalle, J., Mekhalif, Z., 2013. Sol–gel synthesis of tantalum 

oxide and phosphonic acid-modified carbon nanotubes composite coatings on titanium 

surfaces. Materials science and engineering: C 33, 2686-2697. 

56) Manivasagam, G., Dhinasekaran, D., Rajamanickam, A., 2010. Biomedical implants: 

corrosion and its prevention-a review. Recent patents on corrosion science. 

57) Marini, F., Luzi, E., Fabbri, S., Ciuffi, S., Sorace, S., Tognarini, I., Galli, G., Zonefrati, R., 

Sbaiz, F., Brandi, M.L., 2015. Osteogenic differentiation of adipose tissue-derived 

mesenchymal stem cells on nanostructured Ti6Al4V and Ti13Nb13Zr. Clinical Cases in 

Mineral and Bone Metabolism 12, 224. 

58) Martínez-Pérez, M., Conde, A., Arenas, M.-A., Mahíllo-Fernandez, I., de-Damborenea, J.-

J., Pérez-Tanoira, R., Pérez-Jorge, C., Esteban, J., 2019. The “Race for the Surface” 

experimentally studied: In vitro assessment of Staphylococcus spp. adhesion and 



79 | P a g e  
 

preosteoblastic cells integration to doped Ti-6Al-4V alloys. Colloids and Surfaces B: 

Biointerfaces 173, 876-883. 

59) Matsuno, H., Yokoyama, A., Watari, F., Uo, M., Kawasaki, T., 2001. Biocompatibility and 

osteogenesis of refractory metal implants, titanium, hafnium, niobium, tantalum and 

rhenium. Biomaterials 22, 1253-1262. 

60) McDonald, C.J., Ostini, L., Wallace, D.F., John, A.N., Watters, D.J., Subramaniam, V.N., 

2011. Iron loading and oxidative stress in the Atm−/− mouse liver. American Journal of 

Physiology-Gastrointestinal and Liver Physiology 300, G554-G560. 

61) McKee, G., Watson-Farrar, J., 1966. Replacement of arthritic hips by the McKee-Farrar 

prosthesis. The Journal of bone and joint surgery. British volume 48, 245-259. 

62) Meredith, D.O., Eschbach, L., Riehle, M.O., Curtis, A.S., Richards, R.G., 2007. 

Microtopography of metal surfaces influence fibroblast growth by modifying cell shape, 

cytoskeleton, and adhesion. Journal of Orthopaedic Research 25, 1523-1533. 

63) Mirhosseini, N., Crouse, P., Schmidth, M., Li, L., Garrod, D., 2007. Laser surface micro-

texturing of Ti–6Al–4V substrates for improved cell integration. Applied Surface Science 

253, 7738-7743. 

64) Möller, B., Terheyden, H., Açil, Y., Purcz, N., Hertrampf, K., Tabakov, A., Behrens, E., 

Wiltfang, J., 2012. A comparison of biocompatibility and osseointegration of ceramic and 

titanium implants: an in vivo and in vitro study. International journal of oral and 

maxillofacial surgery 41, 638-645. 

65) Nair, L.S., Laurencin, C.T., 2007. Biodegradable polymers as biomaterials. Progress in 

polymer science 32, 762-798. 



80 | P a g e  
 

66) Natoli, M., Felsani, A., Ferruzza, S., Sambuy, Y., Canali, R., Scarino, M.L., 2009. 

Mechanisms of defence from Fe (II) toxicity in human intestinal Caco-2 cells. Toxicology 

in Vitro 23, 1510-1515. 

67) Nazarov, D.V., Smirnov, V.M., Zemtsova, E.G., Yudintceva, N.M., Shevtsov, M.A., 

Valiev, R.Z., 2018. Enhanced Osseointegrative Properties of Ultra-Fine-Grained Titanium 

Implants Modified by Chemical Etching and Atomic Layer Deposition. ACS Biomaterials 

Science & Engineering 4, 3268-3281. 

68) Niinomi, M., 2002. Recent metallic materials for biomedical applications. Metallurgical 

and materials transactions A 33, 477. 

69) Núñez, M.T., Tapia, V., Toyokuni, S., Okada, S., 2001. Iron-induced oxidative damage in 

colon carcinoma (Caco-2) cells. Free Radical Research 34, 57-68. 

70) O'Brien, T.X., 2011. Iron metabolism, anemia, and heart failure. Journal of the American 

College of Cardiology. 

71) Ocampo, J.I.G., de Paula, M.M.M., Bassous, N.J., Lobo, A.O., Orozco, C.P.O., Webster, 

T.J., 2019. Osteoblast responses to injectable bone substitutes of kappa-carrageenan and 

nano hydroxyapatite. Acta biomaterialia 83, 425-434. 

72) Okazaki, Y., Nishimura, E., 2000. Effect of metal released from Ti alloy wear powder on 

cell viability. Materials Transactions, JIM 41, 1247-1255. 

73) Okazaki, Y., Rao, S., Asao, S., Tateishi, T., Katsuda, S.-i., Furuki, Y., 1998. Effects of Ti, 

Al and V concentrations on cell viability. Materials Transactions, JIM 39, 1053-1062. 

74) Oliveira, F., Rocha, S., Fernandes, R., 2014. Iron metabolism: from health to disease. 

Journal of clinical laboratory analysis 28, 210-218. 



81 | P a g e  
 

75) ORINO, K., LEHMAN, L., TSUJI, Y., AYAKI, H., TORTI, S.V., TORTI, F.M., 2001. 

Ferritin and the response to oxidative stress. Biochemical Journal 357, 241-247. 

76) Palombella, S., Pirrone, C., Rossi, F., Armenia, I., Cherubino, M., Valdatta, L., Raspanti, 

M., Bernardini, G., Gornati, R., 2017. Effects of metal micro and nano-particles on hASCs: 

an in vitro model. Nanomaterials 7, 212. 

77) Piconi, C., Maccauro, G., 1999. Zirconia as a ceramic biomaterial. Biomaterials 20, 1-25. 

78) Prodana, M., Duta, M., Ionita, D., Bojin, D., Stan, M.S., Dinischiotu, A., Demetrescu, I., 

2015. A new complex ceramic coating with carbon nanotubes, hydroxyapatite and TiO2 

nanotubes on Ti surface for biomedical applications. Ceramics International 41, 6318-

6325. 

79) Puntarulo, S., 2005. Iron, oxidative stress and human health. Molecular aspects of medicine 

26, 299-312. 

80) Qazi, T.H., Mooney, D.J., Pumberger, M., Geissler, S., Duda, G.N., 2015. Biomaterials 

based strategies for skeletal muscle tissue engineering: existing technologies and future 

trends. Biomaterials 53, 502-521. 

81) Rani Bijukumar, D., Segu, A., Mou, Y., Ghodsi, R., Shokufhar, T., Barba, M., Li, X.-J., 

Thoppil Mathew, M., 2018. Differential toxicity of processed and non-processed states of 

CoCrMo degradation products generated from a hip simulator on neural cells. 

Nanotoxicology 12, 941-956. 

82) Rosales-Leal, J., Rodríguez-Valverde, M., Mazzaglia, G., Ramón-Torregrosa, P., Diaz-

Rodriguez, L., Garcia-Martinez, O., Vallecillo-Capilla, M., Ruiz, C., Cabrerizo-Vílchez, 

M., 2010. Effect of roughness, wettability and morphology of engineered titanium surfaces 



82 | P a g e  
 

on osteoblast-like cell adhesion. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 365, 222-229. 

83) Rupp, F., Scheideler, L., Olshanska, N., De Wild, M., Wieland, M., Geis‐Gerstorfer, J., 

2006. Enhancing surface free energy and hydrophilicity through chemical modification of 

microstructured titanium implant surfaces. Journal of Biomedical Materials Research Part 

A: An Official Journal of The Society for Biomaterials, The Japanese Society for 

Biomaterials, and The Australian Society for Biomaterials and the Korean Society for 

Biomaterials 76, 323-334. 

84) Schulte, W., Kleineikenscheidt, H., Schareyka, R., Heimke, G., 1978. Concept and testing 

of the Tübingen immediate implant. Deutsche zahnarztliche Zeitschrift 33, 319-325. 

85) Sidambe, A.T., 2014. Biocompatibility of advanced manufactured titanium implants—A 

review. Materials 7, 8168-8188. 

86) Soboyejo, W., Nemetski, B., Allameh, S., Marcantonio, N., Mercer, C., Ricci, J., 2002. 

Interactions between MC3T3‐E1 cells and textured Ti6Al4V surfaces. Journal of 

Biomedical Materials Research: An Official Journal of The Society for Biomaterials, The 

Japanese Society for Biomaterials, and The Australian Society for Biomaterials and the 

Korean Society for Biomaterials 62, 56-72. 

87) Tong, W.H., Rouault, T., 2000. Distinct iron–sulfur cluster assembly complexes exist in 

the cytosol and mitochondria of human cells. The EMBO journal 19, 5692-5700. 

88) Wang, J., Zhou, G., Chen, C., Yu, H., Wang, T., Ma, Y., Jia, G., Gao, Y., Li, B., Sun, J., 

2007. Acute toxicity and biodistribution of different sized titanium dioxide particles in 

mice after oral administration. Toxicology letters 168, 176-185. 



83 | P a g e  
 

89) Wang, Y., Yan, Y., Su, Y., Qiao, L., 2017. Release of metal ions from nano CoCrMo wear 

debris generated from tribo-corrosion processes in artificial hip implants. Journal of the 

mechanical behavior of biomedical materials 68, 124-133. 

90) Webster, T.J., Ejiofor, J.U., 2004. Increased osteoblast adhesion on nanophase metals: Ti, 

Ti6Al4V, and CoCrMo. Biomaterials 25, 4731-4739. 

91) Yi, H., Forsythe, S., He, Y., Liu, Q., Xiong, G., Wei, S., Li, G., Atala, A., Skardal, A., 

Zhang, Y., 2017. Tissue-specific extracellular matrix promotes myogenic differentiation 

of human muscle progenitor cells on gelatin and heparin conjugated alginate hydrogels. 

Acta biomaterialia 62, 222-233. 

92) Zager, R.A., Schimpf, B.A., Bredl, C.R., Gmur, D.J., 1993. Inorganic iron effects on in 

vitro hypoxic proximal renal tubular cell injury. The Journal of clinical investigation 91, 

702-708. 

93) Zheng, X., Zhou, F., Gu, Y., Duan, X., Mo, A., 2017. Effect of Different Titanium Surfaces 

on Maturation of Murine Bone Marrow-Derived Dendritic Cells. Scientific reports 7, 

41945. 

94) Zödl, B., Sargazi, M., Zeiner, M., Roberts, N.B., Steffan, I., Marktl, W., Ekmekcioglu, C., 

2004. Toxicological effects of iron on intestinal cells. Cell Biochemistry and Function: 

Cellular biochemistry and its modulation by active agents or disease 22, 143-147. 

 

 




