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The treatment of large bone injuries continues to be challenging partially 

due to the limited quantity and quality of bone-replacing materials. Iron (Fe) and 

its alloys have been developed as a group of load-bearing biomaterials. Recent 

advances in additive manufacturing (AM) have enhanced the potential of Fe-

based biomaterials as biodegradable bone substitutes. Firstly, AM Fe-based 

implants can now be personalized to exactly match the geometry of bony defects. 

Secondly, AM Fe-based implants with macro- and micro-scale porosities can 

mimic the mechanical properties of the native bony tissue. The mechanical 

properties can also be tuned to sustain over the biodegradation period until the 

new bone tissue takes over their biomechanical function. Finally, AM offers a 

pathway for in situ or ex situ alloying as well as for other types of multi-material 

printing to achieve multiple functionalities, such as paramagnetic properties, 

high rates of biodegradation, and, most importantly, bioactivity (e.g., to induce 

the osteogenic differentiation of stem cells or to ward off implant-associated 

infections). 

This thesis presents the results of multiple attempts at leveraging the 

advantages of extrusion-based AM for the fabrication of effective, multi-

functional biodegradable bone substitutes. It begins with identifying the most 

straightforward AM technology for the fabrication of multi-functional Fe-based 

biomaterials for bone implants. In Chapter 2, we review the currently available 

AM technologies to realize multi-material orthopedic biomaterials. For each 

category of AM technologies, our treatment of the topic is accompanied by a 

critical assessment of the properties of the presented material category in 

comparison with the requirements of ideal bone substitutes. Of these 

technologies, extrusion-based 3D printing is identified to have the greatest 

potential to not only allow for the fabrication of complex porous structures, but 

also to adjust the material types and compositions within the implant. 

In Chapter 3, we report on the development of an ink formulation containing 

Fe powder particles for extrusion-based 3D printing of porous Fe, and optimized 

debinding and sintering as post-AM processes. The Fe scaffolds were designed in 

a laydown pattern with a strut size of 410 µm, topologically ordered macropores 



 

with a size of 400 µm, and random micropores in the struts, to achieve a final 

absolute porosity of 67%. The extrusion-based 3D printed porous Fe 

demonstrated an improved biodegradation rate (i.e., 0.05 mm/y) as compared to 

traditionally cast iron (i.e., 0.02 mm/y). The mechanical properties of the 

scaffolds remained within the range of the cancellous bone for 4 weeks of in vitro 

biodegradation. Such a biodegradation rate is, however, still too low for the 

porous Fe to function as a biodegradable implant. The dense coverage of the 

scaffold struts by the Fe-based biodegradation products and their passivation 

behavior hampered the further biodegradation of Fe. Another issue was the 

cytotoxicity towards preosteoblasts MC3T3-E1 bone cells. 

In the subsequent research presented in Chapter 4, we improved the 

biodegradation profile and cytocompatibility of our AM porous Fe by applying a 

non-biodegradable coating made of poly(2-ethyl-2-oxazoline) (PEtOx) on the 

extrusion-based 3D printed porous Fe scaffolds. We comprehensively studied the 

coated specimens in terms of the biodegradation behavior, electrochemical 

responses, the mechanical properties before and after in vitro biodegradation, 

and cytocompatibility with preosteoblasts. A thin layer of PEtOx coating 

transformed the morphology and chemical compositions of the Fe-based 

biodegradation products to be more porous and less passivating, which improved 

the biodegradation profile of Fe. The presence of the PEtOx layer also supported 

the viability of the preosteoblasts. However, these improvements were not 

sufficient to push the biodegradation rate high enough and into the range of the 

desired values (i.e., 0.2-0.5 mm/y). Moreover, cytocompatibility, while 

improved, was not accompanied by an osteogenic behavior for improved bone 

regeneration. Moreover, the inherent incompatibility of pure Fe with MRI was 

identified as an extra impediment to the clinical adoption of the developed 

biomaterials. 

To further develop multi-functional Fe-based bone implants, we utilized the 

multi-material AM capability of extrusion-based 3D printing. We chose Mn as the 

alloying element for its antiferromagnetic property to create paramagnetic FeMn 

alloys that are MRI-friendly. Moreover, Mn having a lower standard electrode 

potential, was expected to increase the biodegradation rate of the alloy. We also 

chose akermanite as the reinforcement component for its bioactivity and 

osteogenic potential, as well as its higher solubility in the body fluid that would 

aid in the biodegradation profile of the composite.  

In Chapter 5 and 6, we describe the ink formulations containing Fe-Mn 

powder mixtures (with 25, 30 and 35 wt% Mn) and Fe-akermanite powder 

mixtures (with 5, 10, 15 and 20 vol% akermanite) for the fabrication of porous 

FeMn alloy scaffolds and Fe-akermanite composite scaffolds using extrusion-

based 3D printing. With the same porous geometrical design as porous Fe, the 



 

FeMn alloys and Fe-akermanite composites exhibited similar values of absolute 

porosities (i.e., 69% and 69–71%, respectively). The Fe25Mn alloy contained the 

ε-FeMn and γ-FeMn phases, while the Fe30Mn and Fe35Mn alloys had only the 

γ-FeMn phase. The Fe-akermanite composites maintained the individual α-Fe 

and akermanite phases. The γ-FeMn phase in the FeMn alloys made them 

paramagnetic, and thus, MRI-friendly. The biodegradation rates of the FeMn 

alloys (with 35 wt% Mn = 0.23 mm/y) were also enhanced by up to 4.6 times (as 

compared to porous Fe). The enhanced values were in the range of the ideal 

values for biodegradable implants. The biodegradation rates of the Fe-

akermanite composites (with 20 vol% akermanite = 0.13 mm/y) increased as well 

to the values that were up to 2.6 times higher than the porous Fe. However, they 

did not reach the desired range of biodegradation rates. As for the mechanical 

properties, the yield strengths and elastic moduli of porous FeMn and Fe-

akermanite decreased over 4 weeks of in vitro biodegradation. Nevertheless, they 

remained within the range of values reported for the cancellous bone. Regarding 

cytocompatibility, the FeMn alloys were cytotoxic against preosteoblasts. On the 

other hand, the Fe-akermanite composites (with 10 vol% akermanite or more) 

improved the adhesion of bone cells, encouraged their proliferation, and 

facilitated cell differentiation as evidenced by increased secretion of collagen 

type-1, and alkaline phosphatase activity over time. The biocompatibility of the 

Fe-akermanite composites did not differ from the commonly used Ti6Al4V bone 

implants. 

In Chapter 7, we took a step forward, combining the best of FeMn and Fe-

akermanite composites to create FeMn-akermanite. We developed an Fe-based 

ink containing 35 wt% Mn and 20 or 30 vol% akermanite powder mixtures. For 

the same geometrical porous design, the FeMn-akermanite composites exhibited 

an absolute porosity of 69–70%. The metal matrix composite contained the γ-

FeMn phase and nesosilicate phases. The former provided the composites with a 

paramagnetic behavior, making the composites MR-friendly. The biodegradation 

rates of the composites were enhanced up to 0.27 mm/y, which is within the 

desired range for biodegradable bone substitutes. The yield strengths and elastic 

moduli of the FeMn-akermanite composites remained similar to those of the 

cancellous bone, despite 4 weeks of in vitro biodegradation. The nesosilicate 

phases present in the developed composites made them compatible with 

preosteoblasts as well as osteogenic (as confirmed by Runx2 immunostaining). 

Moreover, osteopontin immunostaining indicated the initiation of in vitro 

biomineralization. 

Chapter 8 concludes this thesis by drawing up several general conclusions 

and presenting some recommendations regarding the promising avenues for 

future research. Extrusion-based 3D printing technology has opened an 



 

unprecedented opportunity for porous AM Fe-based biomaterials to be fabricated 

and functionalized for bone substitution. Our experimental results demonstrate 

the remarkable potential of the FeMn-akermanite composites in fulfilling all the 

requirements of porous biodegradable bone substitutes, motivating future 

research to evaluate their performance in vivo. 
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1.1 Background 

With the ever-increasing human population, the demands for bone grafts 

has dramatically increased, challenging the healthcare systems worldwide [1]. 

Bone is the second most grafted tissue [2]. Bone has two basic structures 

(Figure 1): the inner part (i.e., the cancellous bone) with 50 – 90% porosity and 

the outer part (i.e., the cortical bone) with only ~10% porosity [3]. Due to the 

structural complexity of bone at different length scales, its mechanical properties 

vary over wide ranges, with the compressive yield strengths varying between 0.5 

and 200 MPa and the Young’s moduli between 0.5 and 20 GPa [4]. Bone adapts 

to mechanical loading and heals itself when damaged at a small scale through a 

dynamic process of remodeling, through which old, microcracked bone is 

resorbed and replaced by new bone [5].  

Despite being able to regenerate, bone loss from traumas or diseases often 

leads to non-unions and critical-size bone lesions (i.e., > 5 cm, e.g., in the femur 

and tibia [6]). A critical-size bony lesion is defined as a lesion that cannot be 

healed naturally during the patient’s lifetime [7]. In such cases, bone 

replacements are necessary. Until today, autografts, or bone replacements 

collected from and implanted in the same person, remain the gold standard 

clinical treatments for critical-size bony lesions [8]. However, the volume of 

autografts that can be harvested to replace critical-size bony lesions, for example, 

from the posterior iliac crest, is limited to 33.82 cm3 [9], while the volume of, say, 

tibia defects may amount to 122 cm3 [10]. Although allografts (i.e., bone 

replacements from donors) can compensate for the shortage of autografts, the 

risks of disease transmission as well as immunogenic incompatibility pose other 

types of challenges. Driven by the need to provide an alternative bone 

replacement approach, bone tissue engineering, which focuses on regenerating 

bone tissue using synthetic biomaterials, has shown promising progress in the 

reconstruction of large-scale bony lesions [11]. 

1.2 Metallic biomaterials for load-bearing bone substitution  

Ideal synthetic biomaterials for bone substitution must be biocompatible 

and designed to mimic the extracellular matrix of the natural bone. They should 

provide bone regeneration environment, facilitate complete bone regeneration, 

withstand dynamic mechanical loading, and degrade along with the formation of 

new bone [12]. A successful bone substitute first allows mesenchymal stem cells 

(MSCs) to adhere onto its surface and differentiate into bone cells, followed by 

inward mineralization [13]. In the design of an ideal bone substitute, the 

mechanical properties, pore sizes, pore distribution, porosity, surface 
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characteristics, and biodegradability of the biomaterial should all be taken into 

consideration. 

 

Figure 1.1. The anatomy of bone (Reprinted with permission from [2]). 

 

Synthetic bone substitutes can be made using metallic biomaterials, 

bioceramics, biopolymers, or composite biomaterials. Metallic biomaterials have 

been widely used for functional and load-bearing bone substitutes due to their 

mechanical properties that are superior to those of bioceramics, biopolymers and 

composite biomaterials. Most of bulk metals, however, are much stiffer than the 

native bone, which could cause bone tissue resorption after implantation as a 

result of stress shielding [14]. However, the excessively high mechanical 

properties of metals can be tuned by increasing their porosity. Increasing the 

porosity of metallic biomaterials not only can reduce their mechanical properties 

but can also improve their permeability for cells and nutrients and facilitate 

angiogenesis and bone ingrowth [15]. The porosity of metallic biomaterials 
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should be at least 50%, while pore sizes > 300 µm are recommended to ensure 

better progress of the bone tissue regeneration process [16,17]. The porous design 

of metallic biomaterials should be tailored to ensure an optimum trade-off 

between the mechanical properties for load bearing and the porous structure 

needed for vascularization. 

At the early stage of bone defect regeneration, the entire mechanical support 

relies on the implanted biomaterial. The mechanical integrity of the biomaterial 

should be sustained for about 3 to 12 weeks to support the upper limb healing 

process, while the lower limb requires approximately 12 to 24 weeks [18]. As the 

newly regenerated bone slowly regains its strength, the biomaterial is allowed to 

degrade gradually. Therefore, the biodegradation rate of metallic bone substitutes 

should be adjusted such that the loss in the load-bearing capacity of the implanted 

biomaterial is balanced by the gain in the structural integrity of the bone. 

Furthermore, the biodegradation products must be delivered in acceptable 

quantities to make sure that they are well tolerated by the body. 

If all the requirements for ideal bone substitutes are fulfilled, the 

regeneration of bony lesions assisted by metallic biomaterials could result in 

healthy and functional bone. To obtain such ideal biomaterials, advanced 

fabrication technologies that enable the precise arrangement and control of 

complex geometries i.e., multi-material additive manufacturing (AM) are 

required. 

1.3 Progress in the development of Fe-based bone substitutes  

Fe and its alloys have been studied for temporary load-bearing bone 

replacements. They combine biodegradable behavior with high mechanical 

strength and ductility [19]. As compared to Mg-based materials, Fe-based 

biomaterials have the advantage of not releasing hydrogen as they degrade. Their 

biodegradation products, being not completely dissolvable in physiological 

solutions, have been found to hinder the release of iron ions and slow down the 

biodegradation process [20]. In addition, the ferromagnetic nature of iron may 

need to be altered prior to using it for the fabrication of imaging-friendly 

implantable devices. 

Alloying Fe with Mn or noble metals and reinforcing Fe with bioceramics 

through powder metallurgy techniques have been investigated to increase the 

biodegradation rate [20]. Noble metals, such as Ag, Au, Pd, and Pt [21–23] have 

been used to create second phases in Fe-based alloys (e.g., Fe-Ag, Fe-Au, Fe-Pd 

and Fe-Pt), which can induce micro-galvanic coupling to stimulate Fe 

degradation. Among the possible alloying elements, Mn is considered a 

promising one because it can not only improve the biodegradation rate of Fe [24–
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26], but also lead to anti-ferromagnetic Fe-Mn alloys [27]. For implanted medical 

devices, such as bone implants, the magnetic properties of the biomaterials are of 

importance. Fe is ferromagnetic and strongly attracted to a magnetic field. 

Therefore, alloying Fe with 28 wt% or more Mn to create paramagnetic Fe-Mn 

alloys is necessary [28]. This will ensure the magnetic resonance imaging (MRI) 

compatibility of the bone implants for the patients who may need the use of MRI 

scan during their treatment.  

Biofunctionalization of the surface of Fe with polymeric coating is another 

strategy to enhance the biodegradation of iron [29,30]. Polymers, such as 

polylactic acid or PLA [31–33], poly(lactic-co-glycolic acid) or PLGA [34], 

polyethylene glycol or PEG [35], and polyethyleneimine or PEI [36], have been 

studied as coating materials on Fe. These polymer coatings enhanced 

biodegradation of Fe by creating an acidic environment during the hydrolyzation 

of the polymer chains. Although this concept is promising, it leaves the question 

open as to whether the Fe substrate will still biodegrade fast enough, once the 

whole polymer coating layer dissolves. 

In addition to alloying Fe with Mn and coating Fe surface with polymers, 

reinforcing Fe with bioceramic materials has been taken as another strategy to 

improve the biodegradation rate, while providing the biocompatibility of Fe-

based materials. To date, various Fe-based bioceramic composites with the 

addition of hydroxyapatite [37–39], tricalcium phosphate [40–42], calcium 

silicate (CaSiO3) [43,44], magnesium silicide (Mg2Si) [45–47], and bredigite 

(Ca7Mg(SiO4)4) [48,49] have been manufactured. The faster biodegradation rates 

of these bioceramic materials in the Fe matrix are expected to increase the 

biodegradation rates of the composite materials. At the same time, the early 

dissolution of the bioceramic components in the body fluids can promote surface 

mineralization to stimulate cell adhesion, proliferation, and differentiation. 

Overall, the benefits from adding bioceramics to Fe have been well acknowledged 

in improving both biodegradation and bioactivity of Fe-based biomaterials. More 

research is still needed to determine the appropriate choice of the bioceramics 

and their optimum concentrations in the composites.  

Even though alloying pure Fe can speed up its biodegradation in in vitro 

tests, such improvements have not been observed in vivo (Figure 1.2a-c) [50]. The 

inadequate biodegradation rate was explained by insufficient oxygen transport to 

the biomaterial surface, due to a dense layer of biodegradation products that wrap 

around the surface and hinder further degradation of iron. These findings suggest 

that Fe based biomaterials should be designed to be highly porous and highly 

permeable to enable accelerated biodegradation. As for biocompatibility, in vivo 

studies on bulk Fe based biomaterials (i.e., Fe-10Mn-1Pd, Fe-21Mn-0.7C-1Pd, Fe-
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30Mn, Fe-Mn-Si, and Fe-bioceramics composites) have reported no systemic 

toxicities [19,50–52].   

 

 

Figure 1.2. Progress of Fe-based bone substitutes. (a, b) In vivo biodegradation of bulk 

Fe-based biomaterials [50] (c) Diffusion of Fe ions in vivo [50]. (d) Binder jetted Fe-30Mn 

[53] and Fe-35Mn-1Ca [54]. (e) In vitro biodegradation of SLM porous Fe [55]. (f) In vivo 

osseointegration of SLM Fe-35Mn [56]. (g) Histological images of new bone formation in 

SLM Fe-30Mn after 48 weeks in vivo [57]. 

 

The advances in AM technologies (e.g., binder jetting, selective laser melting 

(SLM), and extrusion-based 3D printing) have opened new possibilities to 

improve the biodegradation profiles of Fe-based biomaterials through porous 

topological and multi-material designs. The Fe-30Mn alloy with an open porosity 

of 36.3% (Figure 1.2d) has been shown to exhibit an electrochemical corrosion 
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rate that is ~11 times higher than that of pure iron with the same exposed surface 

area [53]. Moreover, Fe-35Mn-1Ca has been found to almost doubled the 

biodegradation rate of Fe-35Mn [54]. Furthermore, topologically ordered AM 

porous pure Fe with 80% porosity (Figure 1.2e) has demonstrated an 

electrochemical corrosion rate that is ~12 times higher than that of cold-rolled 

iron [55]. Although the electrochemical corrosion values of AM porous Fe-based 

biomaterials have been generally found to increase, their in vitro biodegradation 

rates validated via immersion tests are low. This may be due to inadequate in 

vitro fluid flow, different atmospheric conditions from those occurring in vivo, as 

well as the absence of blood cells and macrophages, which could have contributed 

to the faster biodegradation of biomaterials and the removal of the corrosion 

products. Performing long-term in vivo biodegradation studies on porous AM 

Fe-based biomaterials is, therefore, of critical importance. To date, only two in 

vivo studies on AM porous Fe-based biomaterials intended for the application of 

bone substitution have been performed. A 4-week in vivo study of SLM Fe-35Mn, 

having a 43% porosity, demonstrated good bone-implant integration [56]. 

Moreover, SLM Fe-30Mn with 37.8–47.2% porosity exhibited a scaffold volume 

reduction of 10.1–20.9%, and decreases in the elastic modulus and yield strength 

of up to 42.3% and 23.3%, respectively, after 48 weeks in vivo [57]. 

In addition to the improved rates of electrochemical biodegradation, the 

progress in multi-material AM has introduced other functionalities to Fe-based 

biomaterials including anti-ferromagnetic properties, improved osteosynthesis 

properties, and assistance in bone cancer treatment. Binder jetted Fe-30Mn [53] 

and Fe-35Mn-1Ca [54] exhibited the ε-martensite and γ-austenite Fe-Mn phases. 

The ε and γ-Fe-Mn phases possessed the intrinsic anti-ferromagnetic properties 

[58]. Furthermore, the Fe-30CaSiO3 composites fabricated using material 

extrusion not only improved the in vivo osteosynthesis significantly as compared 

to pure iron but also demonstrated the potential for bone cancer therapy. In the 

synergy with laser and reactive oxygen species, the Fe-30CaSiO3 biomaterial 

enhanced the therapeutic effects of tumor treatment in vivo [44]. 

In summary, Fe-based biomaterials have shown their potential as temporary 

load-bearing bone implants. Still, more research employing (multiple materials) 

AM technologies for Fe-based bone substitutes is required to solve all the 

challenges of such biomaterial at once: speed up the biodegradation profile, alter 

the ferromagnetic behavior, enhance the bioactivity for bone regeneration, all 

while maintaining the bone-mimicking mechanical properties. 
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1.4 Thesis aim and outline  

This thesis contains six chapters to tackle the abovementioned challenges of 

Fe-based biomaterials as bone substitutes by answering the following research 

questions: 

What is the best multi-material 3D printing option for the fabrication of multi-

functional Fe-based materials intended for bone substitution? 

In Chapter 2, we present a literature study on the additive manufacturing 

technologies, concerning their capabilities and limitations in performing multi-

material 3D printing of metallic biomaterials, not only Fe-based, but also Ti-

based and Mg-based. We made choice of extrusion-based 3D printing, which is 

the most straightforward multi-material fabrication method to achieve 

biofunctionalized bone-substituting biomaterials.  

Can we use extrusion-based 3D printing to fabricate porous Fe?  

What is the performance of the material? 

In the research presented in Chapter 3, we developed extrusion-based 3D 

printed porous Fe and comprehensively studied the in vitro biofunctionalities of 

the material, including the biodegradation and electrochemical responses in 

simulated body fluid, the changes in its mechanical properties over time due to in 

vitro biodegradation and its cytocompatibility towards a mouse preosteoblast cell 

line.  

Although the extrusion-based 3D printed porous Fe showed somewhat 

improved biodegradability and bone-mimicking mechanical properties, relative 

to solid Fe, the overall biofunctionality of the materials needed improvements, 

which led us to the next research question: 

Can a polymer coating improve the biofunctionality of the extrusion-based 3D 

printed porous Fe? 

In Chapter 4, we applied poly(2-ethyl-2-oxazoline) coating onto the 

extrusion-based 3D printed porous Fe and comprehensively studied the in vitro 

characteristics. This chapter shows that such a coating can improve the 

biofunctionality of AM porous Fe, but only to a limited extent.  

This led to the idea that a major biofunctional improvement of AM porous 

Fe can perhaps only be achieved by altering the natural characteristics of Fe (i.e., 

by alloying Fe with Mn or reinforcing Fe with akermanite), hence the research 

questions: 
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Can we use extrusion-based 3D printing to fabricate porous FeMn alloys and 

porous Fe-akermanite composites?  

What are the performances of these materials? 

In the research presented in Chapters 5 and 6, we successfully developed 

ex situ-alloyed porous FeMn scaffolds and ex situ-composited porous Fe-

akermanite scaffolds. The scaffolds tackled one or two challenges in developing 

Fe-based biomaterials as bone implants, but not all of them at once. With 

understanding the benefits of adding Mn and akermanite for the 

biofunctionalities of Fe gained, we moved forward to the final research questions: 

Can we use extrusion-based 3D printing to fabricate porous FeMn-akermanite 

composite scaffolds?  

Do alloying Fe with Mn and combining the alloy with akermanite address all 

the challenges associated with Fe-based biomaterials intended for bone tissue 

substitution?  

In the research presented in Chapter 7, we developed ex situ porous 

FeMn-akermanite composite scaffolds and demonstrated that all the major 

challenges of Fe-based biomaterials can be addressed through this new material 

configuration.  
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2 
Multi-material additive manufacturing 

technologies for Ti-, Mg-, and Fe-based 

biomaterials for bone substitution 

 

The growing interest in multi-functional metallic biomaterials for bone 

substitutes challenges the current additive manufacturing (AM, =3D printing) 

technologies. It is foreseeable that advances in multi-material AM for metallic 

biomaterials will not only allow for complex geometrical designs, but also 

improve their multi-functionalities by tuning the types or compositions of the 

underlying base materials, thereby presenting unprecedented opportunities for 

advanced orthopedic treatments. AM technologies are yet to be extensively 

explored for the fabrication of multi-functional metallic biomaterials, especially 

for bone substitutes. Here, we present the viable options of the state-of-the-art 

multi-material AM for metallic biomaterials to be used as bone substitutes. The 

fabrication technologies for metallic biomaterials were discussed to highlight the 

advantages of using AM over conventional fabrication methods. Five AM 

technologies suitable for metal 3D printing are compared against the 

requirements for multi-material AM. Of these AM technologies, extrusion-based 

multi-material AM is shown to have the greatest potential to meet the 

requirements for the fabrication of multi-functional metallic biomaterials.   
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2.1 Fabrication technologies for metallic biomateria ls as bone 

substitutes 

Over the years, porous metallic biomaterials have been produced using 

conventional fabrication technologies, mostly based on powder metallurgy, such 

as metal injection molding [1] or the space-holder method [2,3]. Even with the 

remarkable progress made in these fabrication technologies, certain limitations, 

such as the impossibility to control the geometry and distribution of pores 

precisely, as well as dimensional inaccuracies, remain.  

Additive manufacturing (AM) has recently emerged as a powerful method 

for the fabrication of biomaterials, including metallic biomaterials aimed for bone 

tissue regeneration [4]. AM technologies enable high-precision fabrication with 

high flexibility in the internal and external macro- and micro-architecture of 

orthopedic implants [5]. Through controlled AM fabrication processes, 

geometrical and topological porous characteristics of metallic biomaterials can be 

precisely tuned, leading to improved bone-mimicking mechanical properties 

[6,7], altered biodegradation kinetics [8,9], enhanced bone tissue regeneration 

rates [10–12] and the formation of an extensive, interconnected osteocyte lacuno-

canalicular network [13,14]. However, some other properties, including hardness, 

wear resistance, anti-ferromagnetic properties, or antibacterial properties, 

cannot be simply adjusted through geometrical design, as they require the 

adjustments of the properties of the underlying base material(s) prior to AM 

processing. 

As for the biocompatibility, most metallic biomaterials have a relatively low 

intrinsic osteogenic and osteoimmunomodulation potential as compared with, 

for example, Ca-P-based bioceramics [15]. Their presence as foreign body objects 

is often a risk factor for prolonged chronic inflammation [16]. The high surface 

area to volume ratio of porous AM metallic biomaterials raises another challenge 

in preventing bacteria colonization. These issues are currently being addressed 

by taking an additional post-AM step of surface biofunctionalization to add 

bioactive agents to the porous surfaces in order to improve the performance of 

AM biomaterials including their osteogenic properties, and to prevent infection 

[17]. 

The existing technologies for the fabrication of multi-functional porous AM 

metallic biomaterials strongly rely on the availability of pre-alloyed materials and 

the post-AM surface biofunctionalization, thus, being a two-step process. There 

is a strong need to upgrade the AM technologies so that they can realize the 

desired spatial distribution and bonding of multiple materials, thereby enabling 

the in situ synthesis of multiple materials in one single AM process. 
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Utilizing multi-material AM technologies will enable the fabrication of 

multi-functional porous AM metallic biomaterials with region-specific 

performance such that the material types and compositions can be specifically 

placed at different scales within the biomaterials design. The mechanical 

properties of porous AM metallic biomaterials, including hardness, can be 

realized, in accordance with those of cortical and cancellous bone by changing not 

only the porosity but also the material types or compositions. Enhanced 

osteoconductivity and antibacterial properties with appropriate inflammatory 

responses can be obtained through the right compositions and distributions of 

bioactive agents on the metallic surfaces. Varying the compositions and types of 

materials that have distinct biodegradation properties, for example, from 

bio-inert or slowly biodegrading biomaterials to fast biodegrading materials, will 

create complex profiles of biomaterials properties over time, as clinically 

required. 

Despite the fact that numerous properties of porous AM metallic 

biomaterials can be improved by using multi-material metallic AM technologies, 

the currently available literature on these technologies is relatively scarce [18]. 

Recent literature on the AM technologies for bone tissue engineering is mainly 

focused on the commercially available AM processes and the choices of existing 

biomaterials, including biocompatible metals [19–23], and geometrical and 

topological designs of porous AM metallic biomaterials [24–28] in relation to 

their mechanical and biological performance. Regarding the multi-material AM 

technologies, multi-material polymers are advancing the frontiers of multi-

material AM concepts due to the relative simplicity of the involved processes and 

the compatibility of those materials with multiple AM technologies [29]. In situ 

multi-material AM for metals and metal-ceramic composites has been mainly 

reviewed for industrial applications, such as in aerospace and automotive 

applications [30–32], but not specifically for biomedical applications. 

In this review, we present the prospects of using the currently available 

metallic AM technologies for in situ or ex situ multi-material fabrication of 

multi-functional Ti-, Mg-, Fe-based bone-substituting biomaterials. The key 

principle of each of the AM technologies and its advantages and limitations for 

multi-material fabrication are described, analyzed, and compared. Recent 

research on Ti-, Mg-, and Fe-based biomaterials and the (multi-material) AM 

technologies for these biomaterials is also reviewed. Finally, the current 

challenges and future perspectives in metallic multi-material AM technologies 

are provided. 
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2.2 Multi-material metallic AM technologies 

To build multi-functional porous AM metallic biomaterials using 

multi-material AM technologies, multiple materials must be delivered during the 

fabrication processes, and strong bonding between biomaterials of different types 

or compositions must be ensured. Multiple material delivery systems and their 

bonding processes vary, depending on the particular AM technology used. 

Meeting these two requirements is essential for successful multi-material 

fabrication, as they strongly influence the performance of the resulting 

multi-materials, especially at the interfaces. Some AM technologies only allow the 

interchange (and bonding) of different materials between layers to lead to the 

generation of planar multi-material interfaces, while others can deliver and bond 

any materials throughout the build to achieve complex multi-material interfaces. 

There are five AM technologies, according to the ASTM F2792−12a standard 

[33], that are suitable for the fabrication of metallic biomaterials, including 

powder bed fusion, directed energy deposition, sheet lamination, binder jetting, 

and material extrusion. Each of these AM technologies has its own capabilities 

and limitations, and may or may not meet the requirements for multi-material 

fabrication. 

2.2.1 Powder bed fusion 

Powder bed fusion works by delivering a layer of metal powder and then 

selectively melting or sintering the desired area by using laser or electron beam. 

The process iteratively continues by lowering the build plate, spreading another 

metal powder layer over the previous layer, and selectively melting or sintering 

this layer and the layer(s) beneath. Selective laser melting (SLM) is the most 

common powder bed fusion technology for fabricating metallic biomaterials. This 

technology usually utilizes only one powder bed dispensing system for one single 

metal powder, which makes the fabrication process challenging to accommodate 

the in situ delivery of multiple materials, unless a multi-material powder mixture 

is prepared beforehand. By using blended metal or metal-ceramic powder 

mixtures in the powder bed (Figure 2.1a), multi-material SLM has been applied 

for the multi-material fabrication of Ti-based [53–64] and Mg-based [46–49] 

biomaterials. 

In situ multi-material SLM for Ti-based biomaterials enhanced the hardness 

and wear resistance through the in situ reinforcement of titanium with SiC [34], 

Si3N4 [35], TiB2 [36,37], or hydroxyapatite (HA) [38,39]. In addition, the in situ 

SLM of titanium with Mo [40], Nb [41,42], and Ta [43], improved biomechanical 

compatibility with bone in terms of elastic modulus, in comparison with the 

elastic moduli of pure Ti and Ti-6Al-4V. Moreover, the in situ alloying of 
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Ti-6Al-4V with Cu [44,45] has been shown to upregulate the angiogenesis-related 

genes and demonstrate antibacterial properties. 

 

 

Figure 2.1. Laser and ultrasonic multi-material AM for metals according to the process 

classifications of ASTM F2792−12a [33]: (a) powder bed fusion, (b) directed energy deposition, and 

(c) sheet lamination. 

 

For Mg-based biomaterials, the in situ alloying of Mg with Zn during SLM 

[46] has been explored and the relationships between Mg-Zn composition, 

defects, and mechanical characteristics have been studied. In addition, 

pre-alloyed Mg-based biomaterials (e.g., ZK60 and Mg-3Zn) have been in situ 

alloyed with rare earth elements (e.g., Nd [47] and Dy [48]) during SLM, for 

improved corrosion resistance and prolonged biomaterials integrity. 

Furthermore, the in situ alloying of ZK60 with Cu [49] has been found to provide 

the base alloy with antibacterial properties and improved the compressive 
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strength. Furthermore, for Fe-based biomaterials, SLM of pre-milled Fe and Mn 

powders enhanced the biodegradation rate and mechanical properties of the iron 

[50,51]. 

To obtain the intended multi-functionality for the biomaterials, optimum 

SLM processing parameters must be selected to allow for sufficient diffusion of 

alloying elements into the base materials [34,35]. Tuning laser energy density, 

while avoiding the formation of undesirable internal pores and excessive melting, 

is challenging due to the distinctly different thermal properties of multiple 

materials. Some alloying elements have very high melting points and cannot be 

completely melted and diffused, and as a result partially melted material remains 

next to the matrix [41,43]. To bridge the gap in thermal properties, the particle 

size distributions of multi-material powders can be varied, with a higher melting 

point material having smaller particle sizes [42]. In addition, post-AM heat 

treatment may be necessary to improve the multi-material diffusion and 

homogeneity in chemical composition [41]. Furthermore, the delivery of 

multi-material powders to the powder bed  is an equally important aspect to 

ensure a uniform multi-material distribution within the resultant biomaterial 

[43]. Since powder bed fusion operates with high thermal energies, this AM 

process is also prone to high temperature gradients, which can cause cracks and 

distortions in the multi-material structure. 

Using powder bed fusion for building in situ multi-functional AM metals or 

metal-ceramic composites requires complex and comprehensive process 

optimization to ensure proper selection of the laser power and the other process 

parameters that have to be aligned with the physical properties and powder 

characteristics of each of the materials. In addition, the steps required for the 

recycling and reuse of the leftover materials in the powder bed need to be 

considered. 

2.2.2 Directed energy deposition 

In directed energy deposition, a metallic material is delivered in the form of 

powder or wire through a nozzle, which is then melted by using thermal energy. 

Laser engineered net shaping (LENS) is the most common commercial process 

used for directed energy deposition. This technology offers a straightforward 

multi-material delivery system through multiple nozzles and the capability of in 

situ deposition and synthesis of different materials to obtain multi-material 

gradients in the structure (Figure 2.1b). In addition, compositionally graded 

structures can be produced by depositing one material and gradually replacing 

that material with another. Using multi-material LENS, Ti-based biomaterials 

have been in situ alloyed with boron [52,53] or reinforced with HA (under a N2 

atmosphere) [54], CaP [55], Nb-Zr-Ta elemental powders [56], and Zr-BN [57] to 
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improve the hardness and wear resistance of the base biomaterial. 

Compositionally graded Co-Cr-Mo coating on Ti-6Al-4V surface [58] and TiO2 

coating on Ti surface [59] have been fabricated to minimize the wear-induced 

loosening of metal-on-metal implants. 

Similar to the laser-based multi-material AM processes based on powder bed 

fusion, the vast differences in the thermal properties of multiple materials have 

to be comprehensively investigated, in order to match these with the laser 

parameters and process parameters to create multi-functional structures with no 

structural or metallurgical defects. Despite the fact that directed energy 

deposition has the ability of in situ deposition of multiple materials, this AM 

process is less suitable for fabricating structures with fine geometries or hollow 

passages, which are often required for complex porous biomaterials designs [60]. 

Apart from that, this technology suffers from the common drawbacks of 

laser-based AM processes, i.e., high thermal gradients, which can induce residual 

stresses and metallurgical defects. 

2.2.3 Sheet lamination 

Sheet lamination is performed by stacking, bonding, and cutting foil 

materials into a 3D structure, after which an additional machining or milling 

process is required to make a specific structure. Ultrasonic consolidation is the 

most commonly used technique for bonding metallic foils [61–63]. Although the 

main advantages of this technology lie in the low operating temperature and the 

capability of producing large-scale structures at low costs, this technology has not 

yet been reported for the fabrication of multi-materials for bone substitutes.  

Although sheet lamination accommodates simultaneous multiple foil 

feeding, due to the stacking and bonding of foils (Figure 2.1c), multi-material 

interfaces occur only in the planar direction. The major drawback of this 

technology concerns the voids occurring along the foil interfaces due to excessive 

and/or insufficient welding, surface roughness, or inaccuracy in the manual 

positioning of the foils. Such defects create a low bonding strength between the 

layers and increase the possibility of delamination, which leads to poor 

mechanical properties of the resulting structure under shear and tensile loading. 

Considering the capabilities of this technology, the sheet lamination technology 

is more suitable for an embedded application, rather than multi-material AM for 

porous bone-substituting biomaterials, where mechanical integrity is one of the 

most important criteria. 

2.2.4 Binder jetting 

Binder jetting operates in a similar manner to powder bed fusion, but 

instead of applying thermal energy to fuse metal powder feedstock, an adhesive 
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liquid is dispensed on the surface of the powder bed, bonding powder particles to 

form a desired structure. Since an adhesive liquid is delivered, the compatibility 

of the binder with metal powders, as well as the bonding properties are of great 

importance. Several types of adhesives are available, such as polymer binders, 

particle suspension inks, metallic salt compounds, and organometallic inks [64].  

For multi-material binder jetting, a powder bed similar to the one required 

in powder bed fusion processes is utilized, meaning that this technology requires 

a carefully designed multi-material powder handling system for the preparation 

of blended multi-material powder prior to AM, as well as the systems for recycling 

and reusing the leftover powders after AM. Multi-material binder jetting with 

blended multi-material metal powders (Figure 2.2a) has been studied for porous 

Fe-Mn [65] and Fe-Mn-Ca [66] biomaterials to enhance the biodegradation rate 

of iron and to develop anti-ferromagnetic properties. 

Porous binder-jetted biomaterials (e.g., Fe-Mn [65] and Fe-Mn-Ca [66]) are 

composed of adhesive-bound powders. As such, post-AM debinding and sintering 

are needed to remove the binder and subsequently fuse multi-material powder 

particles together. Since the binder-jetted adhesive-bound porous structure is 

built inside a powder bed, it is required to remove loose powder particles from 

pores before post-AM heat-treatment, without damaging the structural integrity 

of the biomaterial. If loose powder particles inside pores are not completely 

removed, they will fuse into the structure during sintering, compromising the 

interconnectivity of the pores and reducing the fidelity of the morphological 

properties of the final biomaterial. The as-printed structure is usually cured to 

strengthen the adhesive bonding [65], then high-pressure air is applied to remove 

loose powder particles before sintering [65].  

Although removing loose particles in a green structure is demanding, there 

are no residual stresses created during the binder jetting process, due to the 

absence of direct laser heating and rapid cooling during fabrication. However, 

post-AM sintering causes structural shrinkage, as a consequence of binder 

decomposition and powder particle rearrangement and integration. As an 

example, Fe-Mn-Ca biomaterials shrank about 11.7% in all directions [66].  

In summary, the application of binder jetting for the fabrication of 

multi-functional porous AM metals or metal-ceramic composite biomaterials not 

only requires intricate multi-material powder handling systems before and after 

AM, but also necessitates some steps to remove loose powder particles from the 

adhesive-bound porous structure and to sinter the particles through a subsequent 

post-AM heat treatment. 
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2.2.5 Material extrusion 

Extrusion-based AM technology works by continuously pushing metal or 

ceramic powder-based feedstock through a nozzle or nozzles to build a 3D 

structure layer by layer. The feedstock materials should have viscoelastic 

properties that enable them to flow through the nozzle, solidify immediately upon 

extrusion, and maintain the shape even when they are stretched over the space of 

the underlying layers [67]. The feedstock materials can be designed to comprise 

powdered materials of various compositions mixed with a polymer binder. The 

compatibility of the feedstock material with the binder should avoid undesired 

interactions during mixing, extrusion, debinding, and even sintering. For 

multi-material AM purposes, more than one nozzle can be integrated to deliver 

different feedstock materials and achieve complex multi-material interfaces 

within the structure. Alternatively, one feedstock of multi-material can be 

prepared and delivered through one single nozzle. 

 

 

Figure 2.2. Adhesive multi-material AM for metals according to the process classifications of ASTM 

F2792−12a [33]: (a) binder jetting and (b) material extrusion. 

 

Material extrusion with blended multi-material powder-based feedstock 

(Figure 2.2b) has been pursued [68–70], since it has no drawbacks inherent to 

the laser-based AM technologies that were described earlier, such as residual 

stresses, cracks, distortions, and even metallurgical defects. Using this technique, 

Fe-based biomaterials (e.g., Fe-CaSiO3) has been realized for bone cancer 

treatment as well as for regenerating cortical bone defects [68]. The extruded 
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Fe-CaSiO3 composite is composed of an adhesive-bound multi-material powder 

mixture, which requires post-AM debinding and sintering. Since the 

adhesive-bound structure is not built in the powder bed, it saves the powder 

handling steps of recycling and reusing multi-material powder, as well as the 

post-AM step to remove loose powder particles. 

The main limitation of this technology lies in the printing resolution, which 

is strongly dependent on the powder particle size and the nozzle diameter. In 

addition, building a part with a large aspect ratio and an overhanging structure 

can only be achieved by controlling the composition of the feedstock and its 

rheological properties in order to ensure consistent flow and fast solidification. 

Designing suitable multi-material feedstock is the most crucial step to achieve 

complex structures with multi-material interfaces. 

2.3 Selection of multi-material AM technologies for the 

fabrication of multi -functional Fe-based bone substitutes 

Choosing a suitable multi-material AM technology for fabricating 

multi-functional porous metallic biomaterials requires a comprehensive 

knowledge of the capabilities and limitations of each of the processes described 

earlier. The basic requirements for a multi-material AM technology concern the 

capabilities of delivering multiple materials, achieving complex multi-material 

interfaces, and ensuring strong bonding between the materials of different types 

and compositions. 

With respect to the material delivery systems that influence the 

multi-material interaction, three systems have been implemented in AM 

technologies, namely powder bed dispensers, nozzles, and foil material delivery 

systems. The AM processes based on powder bed fusion, binder jetting, directed 

energy deposition, and material extrusion allow for the building of complex 

multi-material interfaces, while sheet lamination can only create planar 

multi-material interfaces. 

Moreover, the cost effectiveness in relation to the material delivery system 

is another issue to address. Using a powder bed dispensing system to build 

complex multi-material interfaces requires an advanced powder handling system 

to allow for the recycling and reuse of multi-material powder mixtures. A post-

AM step is needed to remove the unbound or unmolten powder particles 

entrapped in the pores of structures. This step is demanding, especially for binder 

jetting, as the as-built structure is bound only by an adhesive material and is, 

thus, vulnerable. Multi-material deposition using nozzles in material extrusion 

and directed energy deposition processes is capable of controlling the quantity of 

the materials needed, while recycling and reusing the powder or a post-AM step 
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of removing loose powder particles are not required. Nozzles are, therefore, a 

more suitable material delivery means for multi-material AM. 

In addition to the material delivery system, bonding between multiple 

materials is of critical importance for the performance of multi-functional porous 

AM metallic biomaterials. Two material bonding approaches are usually used in 

multi-material AM technologies including direct heating by laser or adhesive 

bonding by using a binder, followed by post-AM heat treatment. The chosen type 

of bonding also determines the final microstructure of the multi-material. Using 

direct heating in powder bed fusion and directed energy deposition processes 

enables the in situ AM of multi-materials. This approach, however, requires 

advanced process control and management, due to the integration of laser energy 

into the AM machine and the vast differences in thermal properties between 

multiple materials. Adhesive bonding in binder jetting and material extrusion, on 

the other hand, is only capable of the ex situ AM of multi-materials and requires 

post-AM debinding and sintering. The biocompatibility of the residual binder 

entrapped inside the multi-material structure may be an important issue to 

consider. 

AM using direct heating usually produces mechanically stable structures. 

However, there is a risk of having high thermal gradients and metallurgical 

mismatch, which may induce residual stresses or structural defects. Furthermore, 

this is a challenging approach for fabricating metals with low boiling points and 

high vapor pressures. On the other hand, the post-processing of adhesive-bound 

AM structures is usually conducted in a homogenously heated furnace, which 

allows the materials to diffuse slowly and bond strongly through sintering. 

Although sintering leads to the shrinkage of the structure, this can be 

compensated for during the design phase and minimized during fabrication. In 

addition, the parameters of the sintering processing can be optimized to yield 

high-density structures, which presents an opportunity to fabricate not only 

porous but also fully dense biomaterials for bone substitutes. Based on the 

advantages and disadvantages of each of bonding approaches, adhesive bonding 

followed by sintering seems to be a better choice for multi-material bonding. 

Comparing the five available multi-material AM technologies, material 

extrusion appears to be the most straightforward option for multi-material 

fabrication of multi-functional bone substituting biomaterials [68]. Material 

extrusion is capable of building multi-material interfaces. Moreover, material 

extrusion does not directly heat the feedstock materials to fuse the multiple 

materials, making it less probable to create metallurgical defects in the structure. 

In addition to Fe-CaSiO3 scaffolds that were aimed for bone substitutes [68], 

multi-material extrusion AM has been applied to fabricate materials for other 

types of application including hydroxyapatite-based surgical biomaterials, 
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graphene-based materials for biomedical electronic devices, and other multi-

element materials systems such as Fe-Ni-Cr, Al-Mg-Cr-Fe and Ag-Cu for various 

applications [69–73].   

2.4 Concluding remarks and future perspective  

The initial efforts of the bone tissue engineering community were mainly 

focused on fabricating biomaterials that mimic the macrostructure of the natural 

bone. Recent efforts have been mobilized to produce biomaterials using the AM 

technologies that allow for the realization of micro-architecture porous 

geometries and the placement of the right biomaterial at the right place for bone 

regeneration. Given the possibility of high-precision manufacturing of complex 

macro- and micro-architecture porous biomaterials, the AM technologies are 

undoubtedly linked to the future of metallic biomaterials for bone implants. 

Clearly, AM technologies intrinsically provide the potential for 

multi-material fabrication that have not yet been extensively explored for bone 

implant applications. Using multi-material AM technologies, the functional 

requirements of biomaterials for bone implants, such as long-term mechanical 

properties for permanent use, short-term mechanical integrity, and 

biodegradation for temporary replacements, as well as biocompatibility, can be 

tailored not only through structural design but also via adjustment of material 

types or compositions.  

Among the available multi-material AM technologies, extrusion-based AM, 

using multi-material powder-based feedstock, appears to be the most 

straightforward option due to its capability of fabricating complex multi-material 

interfaces with a simple manufacturing process. For the multi-material 

extrusion-based AM to be successful in fabricating metallic bone substitutes, the 

fabrication processes, implant design, and material choice need to be properly 

selected. Understanding the chemistry of multiple materials in the feedstock, 

which may or may not affect the AM process, structure, and material properties, 

is essential. In addition, ensuring a homogenous distribution of multiple 

materials in the feedstock prior to AM and in the fabricated biomaterials is 

equally important in order to achieve near-isotropic material properties. 

Together with appropriate AM processing parameters, the multi-material 

feedstock with shear-thinning behavior and free-standing characteristics should 

allow continuous, stable deposition of structures even when the aspect ratios are 

high. Post-AM debinding and sintering need to be adjusted with respect to 

temperature, time, and atmosphere in order to achieve specific microstructures 

and biomaterial functionalities. Even though the multi-material extrusion-based 

technology has been so far primarily applied to Fe-based bone-substituting [68], 

it can, in principle, be applied to a wide range of powdered feedstock materials 
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for various multi-functionalities, including metallic biomaterials, such as 

tantalum-based alloys and shape memory alloys. 

The future research on the multi-material extrusion-based AM for metallic 

biomaterials should be directed towards enhanced abilities to introduce materials 

of different types or compositions locally at a few micrometer scale within the 

structure. This will advance the technology towards improved control over the 

resulting implant properties. Additionally, fabricating geometrically complex 

multi-functional biomaterials should involve easily dissolvable or decomposable 

sacrificial support materials that will pose no adverse effects on the performance 

and biocompatibility of the resultant biomaterials. Finally, combining 

multi-material extrusion-based AM with two-dimensional nanopatterning on 

each layer [74–76] during the fabrication process could further improve the 

functionalities of the final biomaterials through the optimization of surface 

nanotopography. Overall, multi-material extrusion-based AM technologies hold 

a great promise for advancing the state of the art in the fabrication of metallic 

multi-functional bone substitutes. 
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3 
Biodegradable porous Fe 

 

 

No extensive evaluation of the biodegradation behavior and properties of 

porous iron scaffolds made by extrusion-based 3D printing has been reported. 

Here, we studied the in vitro biodegradation behavior, electrochemical response, 

evolution of mechanical properties along with biodegradation, and responses of 

an osteoblastic cell line to the 3D printed iron scaffolds. An ink formulation, as 

well as matching 3D printing, debinding and sintering conditions, was developed 

to create iron scaffolds with a porosity of 67%, a pore interconnectivity of 96%, 

and a strut density of 89% after sintering. X-ray diffractometry confirmed the 

presence of the α-iron phase in the scaffolds without any residuals from the rest 

of the ink. Owing to the presence of geometrically designed macropores and 

random micropores in the struts, the in vitro corrosion rate of the scaffolds was 

much improved as compared to the bulk counterpart, with 7% mass loss after 28 

days. The mechanical properties of the scaffolds remained in the range of those 

of cancellous bone despite 28 days of in vitro biodegradation. The direct culture 

of MC3T3-E1 preosteoblasts on the scaffolds led to a substantial reduction in 

living cell count, caused by a high concentration of iron ions, as revealed by the 

indirect assays. On the other hand, the ability of the cells to spread and form 

filopodia indicated the cytocompatibility of the corrosion products. Taken 

together, this study shows the great potential of extrusion-based 3D printed 

porous iron to be further developed as a biodegradable bone substituting 

biomaterial.  
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3.1 Introduction 

Owing to its abundance in nature, ease of manufacturing, and high 

mechanical performance, iron-based materials have been extensively used as 

structural materials and potentially to be used as biodegradable materials for 

bone substitution [1]. Iron is an essential element in the human metabolism for 

transporting oxygen, mediating electron transfers, and accelerating enzyme 

reactions. It plays a role in immune function [2]. Moreover, the homeostasis of 

iron is essential for optimal bone regeneration [3]. Iron acts as a catalyst for the 

formation of reactive oxygen species (ROS) and an appropriate ROS level has 

been reported to regulate a pathway in osteoblast differentiation [4]. Adequate 

iron uptake in vivo can assist in the development of osteoblasts [5,6] and induce 

platelet activation [7], which is important for the initial healing stage of bone 

recovery. On the one hand, there is evidence that iron ions exhibit cytotoxicity 

when the rate of ion release exceeds a certain threshold [8]. On the other hand, 

long-term in vivo studies on iron-based bone substitutes have shown that the 

corrosion products are biocompatible [9,10]. It is important to note that the 

reported in vivo corrosion rates are extremely low with no significant changes in 

the mass of iron-based materials implanted in the bulk (after 52 weeks) [9] and 

foam (after 6 weeks) forms [10], which may lead to the longer-than-expected 

longevity of such iron-based implants (within a few years [11]). It is still an open 

research question whether the biocompatibility of iron-based materials remains 

favorable enough when their biodegradation rates are enhanced to match the rate 

of bone tissue healing.  

To address the first issue, i.e., too slow biodegradation of iron, recent 

research has been focused on developing new types of iron-based alloys [12,13], 

modifying the surface properties through sandblasting [14] and bio-

functionalizing the surface using polymers [15–17] or bioceramics [18,19] to 

accelerate biodegradation. In addition, porous structures have been fabricated 

using various techniques, including both traditional techniques, such as 

electrodeposition [20], space holder method [21–25], powder molding onto 

porous template [26], and 3D printing techniques, such as binder/ink-jetting 

[27,28], material extrusion [29–33], and selective laser melting [34–37]. 

3D printing has recently emerged as the most promising approach to the 

fabrication of porous biodegradable metals [38,39]. Using this approach, tailor-

made designs of biodegradable scaffolds can be realized to meet the specific 

requirements of various treatment conditions. Examples include tailor-made 

solutions to the treatment of critical bony defects and osteosynthesis as well as 

site-specific drug delivery for cancer patients [39]. 3D printed implants with a 

geometrically ordered pore network provide tissue-mimicking mechanical 
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properties, facilitate osseointegration, and greatly increase the surface area to 

volume ratio, thereby increasing the rate of biodegradation. Extrusion-based 3D 

printing provides a straightforward approach to the ex situ fabrication of porous 

structures using metallic materials (or material mixtures), which would otherwise 

be challenging for other 3D printing techniques [40], such as powder bed fusion 

3D printing processes [41,42]. 

In the last few years, 3D printing techniques, including material extrusion 

and selective laser melting (SLM), have been used to fabricate porous pure iron 

for bone substitution. Extrusion-based 3D-printed topologically ordered porous 

iron scaffolds with cubic unit cell (31% porosity) and hexagonal unit cell (60% 

porosity) have been evaluated in terms of their mechanical behavior [31–33]. The 

surface of lay-down patterned iron scaffolds has been biofunctionalized by 

applying hydroxyapatite coating for enhanced cell-material interaction [29]. A 

few in-depth studies on the material properties and biocompatibility of SLM 

porous iron have appeared in the literature too [34,35]. However, no extensive 

evaluation of porous iron made by extrusion-based 3D printing is available yet. 

We, therefore, studied the early-stage in vitro biodegradation behavior, 

electrochemical response, time-dependent mechanical properties, and 

cytocompatibility of lay-down patterned porous iron scaffolds made by means of 

extrusion-based 3D printing. 

3.2 Materials and methods 

3.2.1 Scaffold design, 3D printing, and post-processing 

In this research, pure iron was chosen to understand the in vitro 

biodegradation behavior, electrochemical response, evolution of mechanical 

properties, and cytocompatibility of 3D printed scaffolds so as to build up a solid 

base, on which further endeavors could be made to address the other issues 

related to iron-based materials for biomedical applications, for example, by 

adding alloying elements or functional agents. Iron powder with 99.88 wt% 

purity, minor impurities (Cu, Ni, Mo, Al, Mn, Si, and Cr), and spherical particle 

morphology (Figure 3.1a) produced through nitrogen gas atomization (Material 

Technology Innovations Co., Ltd., China) was sieved to reach a particle size 

distribution of D10 = 25.85 µm, D50 = 39.93 µm and D90 = 53.73 µm. A printable 

ink with iron powder loading was prepared by manually mixing the iron powder 

with a 5 wt% hydroxypropyl methylcellulose (hypromellose) polymer (Mw ~86 

kDa, Sigma Aldrich, Germany) aqueous solution [29]  at a mass ratio of 7:1 

(corresponding to a volume ratio of 49:50), based on the preliminary experiments 

with different powder-to-binder (mass) ratios in order to choose a 3D printable 

ink. Then, the shear-thinning properties of the chosen ink were studied using an 
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MCR302 rheometer (Anton Paar GmbH, Germany). In addition, 

thermogravimetric analysis (TGA) of hypromellose was performed using an SDT 

Q600 v20.9 thermogravimetric analyzer (TA Instruments, USA). 

 

 

Figure 3.1. The starting material, extrusion-based 3D printing, and scaffold design: (a) iron powder 

particle morphology, (b) an illustration of extrusion-based 3D printing, and (c) the scaffold with the 

0° and 90° lay-down pattern design. 

 

Porous iron scaffolds (10.5 mm in height and 10 mm in diameter) were 

designed with the GeSiM Robotics software (GeSiM Bioinstruments and 

Microfluidics, Germany) to have a strut width of 410 µm, a strut spacing of 400 

µm, a layer thickness of 328 µm, a designed porosity of 50%, and an initial design 

surface area of 40.4 cm2 (Figure 3.1b). The iron ink was extruded into 3D porous 

iron scaffolds through a 410 μm tapered nozzle tip using 3D BioScaffolder 3.2 

(GeSiM Bioinstruments and Microfluidics, Germany) with angles of 0° and 90° 

that interchanged every layer (Figure 3.1c). The printing pressure and printing 

speed were set at 200 kPa and  5 mm/s, respectively. After 3D printing, the as-

printed iron scaffolds were allowed to dry for at least 30 min in a desiccator, 

before being loaded into a tube furnace STF16/180 (Carbolite Gero Ltd., UK) 

under a highly pure argon atmosphere (purity: 99.9999%; inlet pressure: 1 bar) 

and held at 350 °C for 1 h for debinding and at 1200 °C for 6 h for sintering. 

Finally, the as-sintered iron scaffolds were ultrasonically cleaned in isopropyl 

alcohol for 15 min prior to characterization and investigation. 

3.2.2 Characterization of macrostructure and microstructure 

The height and diameter of the porous iron scaffolds were measured before 

and after sintering to determine the shrinkage. The micro-architecture of the iron 

scaffolds was observed using a scanning electron microscope (SEM, JEOL JSM-

IT100, Japan). From SEM images, the strut width and strut spacing of the 

scaffolds were measured. The cross sections of the as-sintered iron scaffolds, after 

polishing up to 1 µm, were observed using SEM. The regions of interest on the 

cross section of the struts were defined and analyzed with color threshold in 

ImageJ (NIH, USA) to select the porous area. The solid fractions of the struts (X)  

were calculated based on the following Equation (3.1): 
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𝑋 = (1 −
𝑃𝑜𝑟𝑒 𝑎𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑅𝑂𝐼
) × 100% (3.1) 

Furthermore, the absolute porosities of the as-printed and as-sintered iron 

scaffolds were calculated, using the weighing method and Equations (3.2 and 

3.3): 

𝜑𝑝 = (1 −
𝑚𝑝 𝜌𝑖𝑛𝑘⁄

𝑉𝑏𝑢𝑙𝑘
) × 100% (3.2) 

𝜑s = (1 −
𝑚𝑠 𝜌𝑖𝑟𝑜𝑛⁄

𝑉𝑏𝑢𝑙𝑘
) × 100% (3.3) 

where φp and φs are, respectively, the absolute porosities of the as-printed and 

the as-sintered iron scaffolds [%], m is the mass of the as-printed or as-sintered 

iron scaffold [g], Vbulk is the bulk volume of the scaffold [cm3], ρink is the density 

of the iron ink (i.e., 4.41 g/cm3), and ρiron is the theoretical density of pure iron 

(i.e., 7.874 g/cm3).  

In addition, the interconnected porosity of the as-sintered iron scaffolds was 

assessed using the Archimedes’ principle as described in the ASTM standard 

B963-13 [43]. The value was calculated using Equation (3.4): 

𝜑𝑖 = (
𝜌𝑒

𝜌𝑜
×

𝑚𝑎𝑜−𝑚𝑎

𝑚𝑎𝑜−𝑚𝑒𝑜
) × 100% (3.4) 

where φi is the interconnected porosity of the as-sintered iron scaffolds [%],  ρe is 

the density of ethanol (i.e., 0.789 g/cm3), ρo is the density of oil (i.e., 0.919 g/cm3), 

mao is the mass of the oil-impregnated iron scaffold weighed in air [g], ma is the 

mass of the iron scaffold weighed in air [g], and meo is the mass of the oil-

impregnated iron scaffold weighed in ethanol [g]. 

3.2.3 Phase identification  

The phase composition of the as-sintered iron scaffolds was determined 

using an X-ray diffractometer (XRD, D8 Advance, Bruker, USA). XRD in the 

Bragg-Brentano geometry was equipped with a graphite monochromator and a 

Vantec position-sensitive detector that was set to work at 45 kV and 35 mA. A step 

size of 0.020° with a counting time of 10 s per step using Co Kα radiation was 

employed. The XRD pattern was evaluated using the Diffrac Suite.EVA v5.0 

software (Bruker, USA) and the International Centre for Diffraction Data PDF-4 

database. 

3.2.4 Static in vitro immersion tests 

Static in vitro immersion tests (up to 28 days, triplicates) were performed in 

the revised simulated body fluid (r-SBF) [44] using a cell culture incubator, under 

the following conditions: 5% CO2, in an ambient O2 atmosphere, relative humidity 

= 95%, temperature = 37 °C ± 0.5 °C. The solution volume-to-surface area ratio 

was 6.7 mL/cm2 [45]. Before the tests, the samples were sterilized and the r-SBF 
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solution was filtered using a 0.22 µm filter (Merck Millipore, Germany). The pH 

values were monitored during the immersion period using a pH electrode (InLab 

Expert Pro-ISM, METTLER TOLEDO, Switzerland). The concentrations of 

soluble calcium, phosphate and iron ions in the r-SBF solution were quantified 

using an inductively coupled plasma optical emission spectroscope (ICP-OES, 

iCAP 6500 Duo, Thermo Scientific, USA) after 1, 2, 7, 14, and 28 days of in vitro 

biodegradation. To determine the mass loss, the in vitro corrosion products were 

removed by immersing the as-corroded iron scaffolds at the abovementioned 

time points in a 50 vol% HCl solution (with a specific gravity of 1.19, Sigma 

Aldrich, Germany) containing 3.5 g/L hexamethylenetetramine (Sigma Aldrich, 

Germany) for 10 min, followed by ultrasonic cleaning in isopropyl alcohol for 15 

min [46]. Subsequently, the samples were dried overnight in a desiccator and 

weighed using a balance with an accuracy of 0.1 mg. The cycle was repeated and 

the mass loss was plotted against the cleaning cycle to obtain the most accurate 

value, according to the ASTM standard G1-03 [46]. From the mass loss values, 

the average corrosion rate was determined based on the ASTM standard G31-72 

[47] using Equation (3.5): 

𝐶𝑅𝑖𝑚𝑚𝑒𝑟𝑠𝑖𝑜𝑛  [𝑚𝑚/𝑦𝑒𝑎𝑟] = 8.76 × 104  ×
𝑚

𝐴 × 𝜌 × 𝑡
 (3.5) 

where m is the mass loss [g], A is the surface area of the scaffolds [cm2] calculated 

based on the initial scaffold design value, ρ is the theoretical density of pure iron 

(i.e., 7.874 g/cm3), and t is the duration of in vitro immersion [h]. 

3.2.5 Characterization of in vitro biodegradation products 

The phases of the in vitro biodegradation products of the scaffolds after 28 

days of immersion were identified using XRD (D8 Advance, Bruker, USA). In 

addition, the morphologies of the in vitro biodegradation products on the 

periphery of the iron scaffolds after 7, 14, and 28 days of continuous immersion 

were observed using SEM and their compositions were analyzed with an X-ray 

energy dispersive spectroscope (EDS, JEOL JSM-IT100, Japan). In addition to 

the periphery, the scaffolds after 7, 14, and 28 days of continuous immersion were 

ground with SiC #2000, and the corrosion products in the center of the structure 

were characterized using SEM-EDS. Also, the fraction of the remaining base 

material (pure iron) after in vitro immersion at the selected time points was 

calculated using ImageJ (Equation 3.1).  

3.2.6 Electrochemical measurements 

To study the electrochemical corrosion behavior, iron scaffold specimens 

were carefully prepared by partial mounting them in thermoplastic acrylic resin 

and exposing them to r-SBF (pH=7.40, temperature = 37 ± 0.5 °C). The exposed 

surface area was calculated, based on the design value of the scaffold. Before the 
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experiments, the mounted specimens were ultrasonically cleaned in isopropyl 

alcohol and then dried thoroughly. A three-electrode electrochemical system was 

configured, in which a graphite rod, an Ag/AgCl electrode, and the iron specimen, 

respectively, acted as the counter electrode, the reference electrode, and the 

working electrode. All the tests were carried out in triplicate using a Bio-Logic SP-

200 potentiostat (Bio-Logic Science Instruments, France). 

Before the electrochemical tests, the setup was allowed to reach a stable open 

circuit potential (OCP) for 1 h. The linear polarization resistance (LPR) tests of 

the iron specimens at different time points up to 28 days were carried out from -

25 to +25 mV versus OCP at a scan rate of 0.167 mV/s. Consecutively, the 

electrochemical impedance spectroscopy (EIS) tests of the iron specimens at 

different time points up to 28 days were conducted using a sine amplitude of 10 

mV versus OCP at a frequency scan between 100 kHz to 10 mHz. Moreover, 

potentiodynamic polarization (PDP) tests were performed on the specimens after 

1 day and 28 days of immersion, with polarization between -300 to +500 mV 

versus OCP at a scan rate of 0.5 mV/s. From the PDP results, the corrosion rates 

were calculated according to the ASTM standard G102-89 [48] and using 

Equation (3.6): 

𝐶𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙  [mm/y] = 3.27 × 10−3  × 𝐸𝑊 ×  
i𝑐𝑜𝑟𝑟

𝜌
  (3.6) 

where EW is the equivalent weight of iron (valence 2), icorr is the current 

density [µA/cm2], and ρ is the theoretical density of pure iron [g/cm3]. 

3.2.7 Uniaxial compression tests 

An Instron universal testing machine (ElectroPuls E10000, Germany) with 

a 10 kN load cell was used to evaluate the compressive mechanical properties of 

the as-sintered iron scaffolds as well as the specimens retrieved after 1, 2, 7, 14 

and 28 days of in vitro immersion. The tests were performed at a crosshead speed 

of 3 mm/min. The mechanical properties of the porous iron scaffolds, including 

the quasielastic gradient (referred as elastic modulus) and yield strength, were 

obtained following the ISO standard 13314 [49]. The slope of the first linear 

region in the stress-strain graph was defined as the elastic modulus. A parallel 

line to the initial linear elastic region, offset by 0.2% strain, was drawn and the 

stress value at the intersection with the stress-strain curve was determined as the 

yield strength. The tests were performed in triplicate. The average values with 

standard deviations are reported hereafter.  

3.2.8 Cytocompatibility evaluation 

Preculture of MC3T3-E1 cells and the preparation of iron extract media 

Preosteoblasts MC3T3-E1 (Sigma Aldrich, Germany) were pre-cultured for 

7 days in α-minimum essential medium (α-MEM, Thermo Fisher Scientific, USA) 
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without ascorbic acid but supplemented with 10% fetal bovine serum (FBS, 

Thermo Fisher Scientific, USA) and 1% penicillin/streptomycin (p/s, Thermo 

Fisher Scientific, USA). α-MEM without ascorbic acid was used to maintain the 

cells in the preosteoblastic state. The cells were incubated at 37 °C in a humidified 

atmosphere with 5% CO2 and 2% O2 (relative humidity = 95%). The culture 

medium was refreshed every 2 to 3 days. 

The iron extract culture media were prepared by immersing the sterilized 

porous iron scaffolds (10.25 mm in height and 9.75 mm in diameter) in α-MEM 

(without ascorbic acid, but with 10% FBS, 1% p/s) for 72 h at 37 °C in a 5% CO2 

and 2% O2 atmosphere with 95% relative humidity [50]. The specimen-to-

medium ratio was 5 cm2/mL, in which the surface area of the scaffolds was 

calculated based on the design value. Thereafter, the supernatant was collected, 

filtered, and diluted into 75%, 50%, 25%, and 10% from the original 

concentration. Furthermore, the iron ion concentration in the original (100%) 

iron extract media was quantified using ICP-OES (iCAP 6500 Duo, Thermo 

Scientific, USA). All media were kept at 4 °C prior to cell tests. 

Indirect cytotoxicity tests 

To evaluate the indirect cytocompatibility of the iron scaffolds, the 

PrestoBlue assay (Thermo Fisher Scientific, USA) was performed. The MC3T3-

E1 preosteoblasts (1 × 104 cells) were cultured in 200 µL of 100%, 75%, 50%, 25% 

and 10% iron extract media using 48-well plates. The same number of cells was 

cultured in the original α-MEM (without ascorbic acid, but with 10% FBS, 1% p/s) 

as the negative control. After 1, 3, and 7 days of culture, the iron extract media 

were replaced with 200 µL fresh pure α-MEM (without ascorbic acid, but with 

10% FBS, 1% p/s) to prevent the interference of iron ions with the assay. 

Consecutively, 20 µL of PrestoBlue reagents (Thermo Fisher Scientific, USA) 

were added, and the specimens were incubated at 37 °C for 1 h. Afterwards, the 

absorbance values were measured with a Victor X3 microplate reader 

(PerkinElmer, USA) at a wavelength of 530 - 590 nm. The tests were performed 

in triplicate. The average metabolic activity of the cells is reported as a percentage 

of the negative control, calculated using Equation (3.7): 

𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [%] =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛)

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
× 100 (3.7) 

To observe the morphology of the preosteoblasts grown in the iron extract 

media, the cytoskeleton and nucleus of the cells were stained using rhodamine 

phalloidin and 4′,6-diamidino-2-phenylindole (DAPI) dyes, respectively. The 

MC3T3-E1 preosteoblasts (1 × 104 cells) were cultured for 3 days on 48-well glass 

disks in 200 µL of iron extract media. The same number of cells was cultured in 

the original α-MEM (without ascorbic acid, but with 10% FBS, 1% p/s) as the 
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negative control. After culture, the specimens were washed with PBS (Thermo 

Fisher Scientific, USA), fixed using 4% formaldehyde (Sigma Aldrich, Germany) 

for 15 min at room temperature, then washed with PBS, and permeabilized with 

0.5% triton/PBS (Sigma Aldrich, Germany) at 4 °C for 5 min. Then, 1% bovine 

serum albumin/PBS (BSA, Sigma Aldrich, Germany) was added per well and 

followed by incubation for 5 min. Consecutively, 1:1000 rhodamine phalloidin 

(Thermo Fisher Scientific, USA) in 1% BSA/PBS was added per well, followed by 

1 h incubation at 37 °C. Afterwards, the specimens were rinsed in 0.5% 

tween/PBS (Sigma Aldrich, Germany) and washed with PBS. Finally, the 

specimens were mounted on a glass slide with Prolong gold (Life Technologies, 

USA), containing the DAPI dye. Thereafter, the morphology of the cells cultured 

in different iron extracts was observed using a fluorescence microscope (ZOE cell 

imager, Bio-Rad, USA). From staining images, the number of cells and the cell 

spreading area were determined by counting the nucleus of the cells using ImageJ 

(NIH, USA).  

Direct cytotoxicity tests  

To evaluate the direct cytocompatibility of the iron scaffolds, the Trypan blue 

cell counting assay was performed. First, the porous iron scaffolds (10.25 mm in 

height and 9.75 mm in diameter) were pre-immersed in α-MEM (without 

ascorbic acid, but with 10% FBS, 1% p/s) for 5 min and placed in the 6-well plate. 

After that, the MC3T3-E1 preosteoblasts (1 × 106 cells per specimen) were 

pipetted into the porous iron scaffolds. Subsequently, 10 mL of α-MEM was 

added per well to immerse the scaffold. The same number of cells was cultured 

for all experimental groups. For every time point, the tests were performed in 

triplicate. After 1, 3, and 7 days of culture, the cells were trypsinized from the 

scaffolds and the well plates and then suspended. 10 µL of each cell suspension 

was mixed with 10 µL of trypan blue dye (Bio-Rad, USA) and subsequently 

pipetted into a dual-chamber cell counting slide. The number of living cells was 

counted using an automated cell counter (TC20, Bio-Rad, USA). The average 

number of living cells with standard deviations are reported. 

In addition, to observe the distribution and morphology of MC3T3-E1 cells 

seeded on the porous iron scaffolds, a live/dead staining assay was performed, 

followed by SEM imaging. The MC3T3-E1 preosteoblasts (2 × 105 cells per 

specimen) were seeded on the iron scaffolds (2.05 mm in height and 9.75 mm in 

diameter) and cultured in 2 mL α-MEM (without ascorbic acid, but with 10% FBS, 

1% p/s). After 3 days of culture, the specimens were washed with PBS and 

immersed in PBS containing 2 µL/mL of calcein (Thermo Fisher Scientific, USA) 

and 1.5 µL/mL of ethidium homodimer-1 (Thermo Fisher Scientific, USA) for 30 

min in the dark at room temperature. Thereafter, the live and dead cells on the 
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iron scaffolds were observed using a fluorescence microscope (ZOE Fluorescent 

Cell Imager, Bio-Rad, USA). Furthermore, SEM imaging of cell morphologies on 

the iron scaffolds was performed. Briefly, after 3 days of culture, the specimens 

were washed in PBS, fixed with 4% formaldehyde (Sigma Aldrich, Germany) for 

20 min, followed by dehydration stages in 30, 50, 70, and 100% ethanol for 10 

min each, and they were further preserved using hexamethyldisilazane (Sigma 

Aldrich, Germany) for 30 min. The specimens were dried for 2 h prior to SEM 

imaging. 

3.2.9 Statistical analysis 

All values are expressed as mean ± standard deviation. The statistical 

analysis of the PrestoBlue results was performed with two-way ANOVA followed 

by the Tukey post hoc test. For the direct cytocompatibility cell count results, 

statistical analysis was conducted with one-way ANOVA, followed by the Tukey 

post hoc test.  

3.3 Results 

3.3.1 Structural characteristics of the porous iron scaffolds 

The porous iron scaffolds exhibited a free-standing characteristic, where the 

struts bridged above the underlying layers (Figure 3.2a). Sufficient powder 

loading in the ink (Figure 3.2b) and strong bond between powder particles and 

binder (Figure 3.2c) allowed the scaffolds with a high aspect ratio to be built and 

to stay intact without distortions or shrinkage after 3D printing. The as-printed 

specimens had an absolute porosity of 47 ± 4%, with an average strut width of 

420.3 ± 5.5 µm, and a strut spacing of 390.6 ± 5.6 µm (Table 3.1). 

 

 

Table 3.1. Structural characteristics of the extrusion-based 3D printed porous iron scaffolds. 

Sample groups 
Strut width 

(µm) 

Strut spacing 

(µm) 

Absolute 

porosity (%) 

Interconnected 

porosity (%) 

Design 410 400 50 - 

As-printed iron 420 ± 6 391 ± 6 47 ± 4 - 

As-sintered iron 411 ± 6 399 ± 6 67 ± 2 65 ± 1 
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Figure 3.2. Morphology and phase composition of the porous iron scaffolds: SEM images of (a, b, c) 

the as-printed iron scaffolds and (d, e, f) the as-sintered iron scaffolds at different magnifications, (g) 

the cross section of the polished struts, and (h) the XRD pattern of the scaffolds after sintering. 

 

After sintering (Figure 3.2d-e), the dimensions of the specimens were 

slightly reduced by 2.3 ± 0.2% (height) and 2.5 ± 0.2% (diameter). The strut width 

changed to 411.2 ± 5.9 µm, while the strut spacing became 398.9 ± 5.7 µm (Table 

3.1). At the periphery of the scaffolds, the fusion of iron particles with evident 

open pores between the necks of iron powder particles could be observed (Figure 

3.2f). On the cross section, a partially sintered microstructure with pores ranging 

between 26 and 135 µm inside the struts was observed (Figure 3.2g). Despite the 

presence of micropores, the average solid fraction of the struts was high (i.e., 89 

± 4%). The absolute porosity of the as-sintered specimens was 67 ± 2% and the 

total interconnected porosity was 65 ± 1%, corresponding to a pore 

interconnectivity of 96%. Based on the XRD analysis, the as-sintered iron 

scaffolds only contained the α-iron phase (Figure 3.2h) without any detectable 

binder residues. 
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Figure 3.3. In vitro corrosion characteristics of the porous iron scaffolds: (a) visual observation of 

the scaffolds before and after 28 days of immersion, (b) XRD pattern of the corrosion products on the 

iron scaffolds at day 28, (c) pH values of the r-SBF solution, (d) the Ca, PO4, and Fe ion concentrations 

in the r-SBF throughout the immersion period, (e) the mass loss percentages, and (f) the corrosion 

rate of the scaffolds. 

 

3.3.2 In vitro biodegradation behavior and the corrosion products 

After 28 days of static in vitro immersion, a thick brown corrosion layer 

almost entirely covered the periphery of the specimens (Figure 3.3a). The 

corrosion products were mostly composed of iron oxide hydroxide (γ-FeOOH), 

magnetite (Fe3O4), and iron phosphate (FePO4) (Figure 3.3b). The immersion 

tests performed with 5% CO2 and 2% O2 slightly increased the pH of the r-SBF 

solution to 7.62 at day 28 (Figure 3.3c). 



46    Chapter 3 

 

 

 

 

Figure 3.4. Morphology and chemical compositions of the in vitro corrosion products at the 

periphery of the porous iron scaffolds: SEM and EDS point analysis of the corrosion products after (a, 

d, g) 7 days, (b, e, h) 14 days, and (c, f, i) 28 days of immersion. The arrow and number indicate where 

the EDS point analysis was performed and the corresponding elemental composition, respectively. 

 

Throughout the in vitro immersion tests, the release of iron ions to the r-

SBF solution remained < 1 ppm (Figure 3.3d). The concentration of iron ions 

increased from 0.15 ppm to 0.64 ppm in the first 14 days of immersion and then 

decreased to 0.08 ppm (at day 28). On the other hand, the concentrations of 

calcium and phosphate ions in the r-SBF solution continuously decreased over 

time (Figure 3.3d). A much higher rate of reduction in the concentration of the 

phosphate ion in the solution was observed in the first 14 days of immersion 

(Figure 3.3d), while a slightly higher precipitation rate of calcium ions on the 

specimens was noticed between days 14 and 28. The mass of the iron scaffolds 

was reduced by 7 ± 1% after 28 days of immersion (Figure 3.3e). The average in 

vitro corrosion rate after 1 day of immersion was 0.28 ± 0.05 mg/cm2/day, but 

declined to 0.11 ± 0.01 mg/cm2/day after 28 days. According to the ASTM 

standard G31-72 [47], the average corrosion rates after 1 day and 28 days of 

immersion could be converted into 0.13 ± 0.03 and 0.05 ± 0.01 mm/y, 

respectively (Figure 3.3f). 
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Figure 3.5. Morphology and chemical compositions of the in vitro corrosion products in the center 

of the porous iron scaffolds: the cross section of the scaffolds after (a) 7, (b) 14, and (c) 28 days of 

immersion, (d) a magnified view of the corrosion products at day 28 in the pore network and (e) the 

elemental mapping, (f) corrosion products on the struts after 28 days of immersion and (g) the 

enlarged view of the corrosion products with EDS point analysis, and (h) reductions in the pure iron 

fraction in the struts during the immersion period. The arrow and number indicate where the EDS 

point analysis was performed and the corresponding elemental composition, respectively. 

 

After 7 days of immersion, loose corrosion products surrounded the struts 

of the scaffolds (Figure 3.4a). Fine granules of the corrosion products, which were 

rich in iron, oxygen, and carbon and contained sodium, calcium, phosphorus, and 

chlorine, were identified (Figure 3.4d, g). After 14 days of immersion, the 

thickness of the corrosion layer increased and almost filled the macropores of the 

iron scaffolds (Figure 3.4b). The morphologies of the corrosion products 

consisted of a mixture of fine and coarse granules (Figure 3.4e) and a flake-like 

structure (Figure 3.4h). The composition of the finer granules was similar to the 

one seen after 7 days of immersion (Figure 3.4e, EDS 1), whereas the coarser 

granules mainly contained calcium, oxygen, and carbon with trace amounts of 

iron, sodium, and magnesium (Figure 3.4e, EDS 2). In the flake-like corrosion 

products, iron and oxygen were dominant, but carbon and sodium existed too 
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(Figure 3.4h). After 28 days of immersion, the corrosion products developed into 

a more compact structure (Figure 3.4c, f). The dense corrosion layer was 

composed of iron, carbon, and oxygen (Figure 3.4i, EDS 1) or iron and oxygen 

(Figure 3.4i, EDS 2).  

In addition to the periphery, the corrosion products were also formed in the 

interconnected pore network of the struts of the scaffolds (Figure 3.5a-c). The 

corrosion products in the micropores were predominantly composed of oxygen 

with traces of iron, calcium, and carbon (Figure 3.5d-e). Moreover, two other 

types of corrosion products were identified in the center of the scaffolds after 28 

days of immersion (Figure 3.5f-g). One type, on the strut surface, had a flake-like 

morphology and contained iron, oxygen, and carbon (Figure 3.5g, EDS 1). The 

other type had a crystal-like spherical morphology and contained iron, oxygen, 

carbon, and calcium (Figure 3.5g, EDS 2). As the biodegradation progressed, the 

pure iron present in the scaffolds was gradually consumed. The pure iron fraction 

in the struts reduced from 89 ± 4% before the start of the immersion test to 87 ± 

2%, 79 ± 2%, and 79 ± 2% after 7, 14, and 28 days of immersion, respectively 

(Figure 3.5h). 

3.3.3 Electrochemical responses  

According to the PDP curves (Figure S3.2a), the corrosion potential of the 

iron scaffolds shifted from -781 ± 22 mV after 1 day of immersion to -676 ± 17 mV 

after 28 days of immersion. At the same time points, the corrosion current 

densities decreased from 8.0 ± 0.3 µA/cm2 to 3.5 ± 0.6 µA/cm2 (Figure S3.2a). 

According to the ASTM standard G102-89 [48], the corrosion rate, based on the 

current densities, were calculated to be 0.09 and 0.04 mm/y after 1 day and 28 

days of immersion, respectively. The results were quite close to the values 

obtained from the in vitro immersion tests in the cell culture incubator. 

Moreover, the polarization resistance of the iron scaffolds was 3.3 ± 0.6 kΩ.cm2 

after 1 day of immersion. It increased to 8.4 ± 1.4 kΩ.cm2 at day 7 and reduced to 

4.9 ± 0.7 kΩ.cm2 at day 9 of immersion (Figure S3.2b). From day 9, the value 

continuously increased with an average rate of 0.35 kΩ.cm2 per day until day 21, 

became 9.1 ± 2.1 kΩ.cm2. At day 28 of immersion, the polarization resistance was 

26.7 ± 6.5 kΩ.cm2. 

The Bode plots of the impedance against frequency (Figure 3.6a, S3.2c) 

generally showed increases in the impedance modulus for low (e.g., 0.01 Hz) and 

medium (e.g., 10 Hz) frequencies for the entire duration of the immersion tests. 

The Bode plots impedance at 0.01 Hz after 1 day and 28 days of immersion were 

2.8 ± 0.6 kΩ.cm2 and 33.1 ± 2.4 kΩ.cm2, respectively. At these time points, the 

Bode impedance at 10 Hz were 0.3 ± 0.1 kΩ.cm2 and 11.4 ± 1.4 kΩ.cm2, 

respectively. In the Bode plot of phase angle against frequency (Figure 3.6b), the 
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phase angle values at high frequencies (e.g., 10 kHz) decreased from -1.3° after 1 

day to -53.9° after 28 days of immersion. In the case of low frequencies (e.g., 0.1 

Hz), however, the phase angle values moved towards more positive values, 

showing a shift in the peak of the plot from a higher frequency to a lower 

frequency throughout the immersion time (Figure 3.6b).  

 

 

Figure 3.6. Electrochemical impedance spectroscopy of the porous iron scaffolds: the Bode plots of 

(a) impedance modulus and (b) phase angle against frequency for up to 28 days of immersion, Nyquist 

spectra (c) after 1 and 7 days, (d) 9, 14, 21, and 24 days, and (e) 26 to 28 days of immersion. The arrows 

in Bode plots indicate the change in the impedance and phase angle values with time for a specific 

frequency. 

 

The Nyquist plots displayed three different types of spectra throughout the 

immersion test. The Nyquist plot after 1 day of immersion showed a single 
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capacitive arc (Figure 3.6c). After 7 days of immersion, the Nyquist plot showed 

a larger curve than that of the 1-day immersion plot (Figure 3.6c). From 9 until 

24 days of immersion, the Nyquist plots exhibited a two-semicircle continuous 

arc that began with a smaller semicircle at a higher frequency and continued with 

an inclined slope forming a second larger curve at a lower frequency (Figure 

3.6d). In addition to the increase in the diameter of the semicircle arc over time, 

the angle of the inclined slope decreased as corrosion progressed (Figure 3.6d). 

After 28 days of immersion, the semicircle at the high-frequency region was 

larger and extended with a moderately inclined straight line for the lower 

frequencies (Figure 3.6e). 

 

 

Figure 3.7. Mechanical properties of the porous iron scaffolds: (a) compressive stress-strain curves,  

(b) the yield strength and elastic modulus, and (c) the ultimate strength and strain at failure of the 

scaffolds before and after in vitro immersion for up to 28 days. 

 

3.3.4 Mechanical properties  

The uniaxial compressive stress-strain curves of the porous iron scaffolds 

(Figure 3.7a) began with a linear elastic region, followed by a trend resembling 

strain-hardening during the plastic deformation stage until specimen failure. The 

as-sintered iron scaffolds exhibited a yield strength of 7.2 ± 0.4 MPa and an 

elastic modulus of 0.6 ± 0.1 GPa. Over the in vitro immersion period of 28 days, 

the yield strength of the scaffolds increased to 10.6 ± 0.2 MPa after 2 days of 
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immersion and slightly reduced to 9.4 ± 0.9 MPa after 28 days of immersion 

(Figure 3.7b). Likewise, the elastic modulus increased to 0.6 ± 0.1 GPa after 2 

days of immersion and stabilized at an average value of 0.7 ± 0.2 GPa after 28 

days of immersion (Figure 3.7b). On the other hand, the ultimate strength 

remarkably dropped from 96 ± 6 MPa to 32 ± 2 MPa after 7 days of immersion. 

Then, it further decreased to 19 ± 7 MPa after 28 days of immersion (Figure 3.7c). 

Moreover, the iron scaffolds became less ductile after the immersion tests and a 

notable decline in strain at failure from 53 ± 3% to 31 ± 3% was observed after 7 

days of immersion. The strain at failure further decreased to 13 ± 3% after 28 days 

of immersion (Figure 3.7c). 

3.3.5 In vitro cytotoxicity against MC3T3-E1 preosteoblasts 

The 100% iron extract medium contained 120.4 ± 3.7 ppm of iron ions. The 

exposure to the 100% iron extract medium resulted in instant cytotoxicity, with 

25.6 ± 4.8% metabolic activity remaining after 24 h and almost no metabolically 

active cells after 7 days of culture (Figure 3.8a). After the iron extract was diluted 

to 75% of its original, a metabolic activity of 73.3 ± 9.3% was detected after 24 h 

culture. However, the trend of decreased activity with culture time (i.e., 33.3 ± 

5.9% after 7 days) remained unchanged. When the iron extract medium was 

further diluted to ≤ 50%, the growth of the preosteoblasts was only slightly 

inhibited, as indicated by the high metabolic activity (> 80%) even after 7 days of 

culture (Figure 3.8a). 

From the stained samples, the cell counts from 100%, 75%, and 50% iron 

extracts were 133 ± 16 (Figure 3.8c), 190 ± 63 (Figure 3.8d), and 753 ± 59 (Figure 

3.8e), respectively. More cells were observed when they were cultured in a lower-

concentration iron extract medium. Furthermore, the individual stress fibers and 

filopodia of each cell cultured in the 100% and 75% iron extract remained 

recognizable (Figure 3.8c-d). The preosteoblasts in the 75% iron extract exhibited 

a polygonal shape and were more outspread (2580.5 ± 247.5 µm2 per cell) than 

the cells grown in the 100% iron extract (1736.4 ± 209.9 µm2 per cell). 

The direct seeding of the preosteoblasts on the porous iron scaffolds resulted 

in a reduction in the living cell count after 24 h of culture (i.e., 2.8 ± 0.3 (×105) 

cells) (Figure 3.8b). The viable cells continuously declined to 5.6 ± 1.5 (×104) cells, 

after 3 days of culture (p < 0.001). Interestingly, at day 7 of culture, the viable cell 

count slightly increased to 6.9 ± 2.0 (×104) cells (statistically not significant). 

Although it was challenging to quantify the live/dead staining results, a number 

of viable (green) preosteoblasts were detectable on the iron scaffolds (Figure 3.8f-

h). More importantly, the stained preosteoblasts showed a homogenous 

distribution over the struts of the porous iron scaffolds (Figure 3.8f-h), indicating 

a good cell seeding efficiency in the direct assays. Furthermore, on the SEM 
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images, the surviving cells were identified with extended filopodia in the porous 

structure of the scaffolds (Figure 3.8i) as well as on the corrosion products (Figure 

3.8j-k). 

 

 

Figure 3.8. In vitro biological evaluation of the iron scaffolds towards preosteoblasts MC3T3-E1: (a) 

indirect metabolic activity of preosteoblasts cultured in iron extracts for 1, 3, and 7 days, (b) the 

number of living preosteoblasts after 1, 3, and 7 days of direct culture on the porous iron scaffolds, (c-

e) rhodamine phalloidin (red) and DAPI (blue) stained preosteoblasts after 3 days of culture in (c) 

100%, (d) 75%, and (e) 50% iron extracts, (f-h) calcein acetoxymethyl (green, indicating living cells) 

and ethidium homodimer-1 (red, indicating dead cells) stained preosteoblasts on the scaffolds, and 

(i-k) the morphology of the cells after 3 days of direct cell culture on the iron scaffolds. ***, p < 0.001; 

****, p < 0.0001. 
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3.4 Discussion 

In this study, an extrusion-based 3D printing process followed by debinding 

and sintering was developed to fabricate porous iron scaffolds with a lay-down 

pattern for bone substitution. Since the biodegradation rate of bulk iron is 

generally too low [9,10], a geometrically ordered porous design was employed to 

speed up the rate of biodegradation of the specimens while maintaining the other 

important properties of porous iron, including its structural integrity and bone-

mimicking mechanical properties. Our results showed that the lay-down pattern 

design, indeed, enhanced the corrosion rate of the iron scaffolds, while the bone-

mimicking mechanical properties were retained. As for the cytocompatibility, the 

results obtained here were comparable to those reported in the other studies of 

porous iron [26,34,35]. 

3.4.1 Extrusion-based 3D printing and post-processing 

The developed fabrication process delivered porous pure iron scaffolds with 

a strut size and a strut spacing close to the design values (Table 3.1). The use of 

an optimized ink formulation and ink synthesis process was of great importance 

for achieving such promising results. The choice of hypromellose as the binder is 

because of its straightforward preparation, biocompatibility [51], and its suitable 

rheological properties for extrusion. The iron ink was prepared with 49 vol% 

powder loading to strike a balance between the printability (Figure S3.1a-c) and 

the self-holding characteristics of the struts. The optimized powder-to-binder 

ratio demonstrated shear-thinning flow behavior (Table S3.1) and ensured 

sustainable printing without clogging in the nozzle tip and enabled the fabrication 

of the porous iron scaffolds with a high aspect ratio. 

Following the extrusion-based 3D printing, heat treatment of the porous 

iron scaffolds was performed as post-processing, which started with a debinding 

stage where the temperature was set at a point where thermal decomposition of 

hypromellose took place (Figure S3.1d). Afterwards, the heat treatment 

continued to a solid-state sintering stage at a higher temperature, where iron 

powder particles bonded together and formed necks. The parameters of the 

sintering process (i.e., temperature and holding time) were chosen based on the 

obtained solid fractions of the struts of the scaffolds under various conditions 

(Figure S3.1e). The chosen sintering temperature (1200 °C) and time (6 h) 

resulted in the porous iron scaffolds with an 89 ± 4% solid fraction of the struts 

and an absolute porosity of 67 ± 2%. It should be mentioned that a higher solid 

fraction can be achieved and will lead to a higher strength of the scaffolds as a 

result of enhanced densification [52]. However, in the case of the scaffolds 

intended for use as biodegradable implants, partial sintering may offer an 

advantage, because the scaffolds will have more exposed powder particle 
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boundary area in the struts. Under the present sintering condition, the porous 

iron scaffolds possessed a pore interconnectivity of 96% (Figure 3.2). It is well 

known that porous bone substitutes with interconnected macro- and micropores 

offer improved biofunctionality by favoring the adhesion, growth, and 

differentiation of cells during bone regeneration [53]. Due to a partial solid-state 

sintering process, the shrinkage of the iron scaffolds was small (i.e., < 2.6%). 

Furthermore, under the chosen sintering condition, the iron scaffolds were only 

composed of the α-iron single phase (Figure 3.2h), confirming the absence of any 

carbon residues from the decomposed polymer that could have diffused into the 

base material. 

3.4.2 In vitro corrosion characteristics and mechanisms 

The static in vitro corrosion rate of porous iron scaffolds (0.11 ± 0.01 

mg/cm2/day at day 28) (Figure 3.3f), is much higher than that of cast pure iron 

(i.e., 0.04–0.06 mg/cm2/day) [54] and that of rapidly prototyped porous iron 

(i.e., 0.04–0.08 mg/cm2/day) [26], and electrodeposited iron foam (i.e., 0.023 

mg/cm2/day) [55]. The higher corrosion rate of the scaffolds was attributed to the 

struts that contained sintered powder particle boundaries with a micropore 

network. The random microporous interconnectivity provides many intricate 

sites that are favorable for autocatalytic corrosion [56–58], thereby resulting in 

the enhanced dissolution of iron. Furthermore, corrosion occurred not only at the 

periphery (Figure 3.4) but also in the struts and the center of the scaffolds (Figure 

3.5). The penetration of the r-SBF solution into the center of the scaffolds under 

static immersion tests can be attributed to the capillary action in the pore network 

[59], thereby enhancing the corrosion of the scaffold as a whole. Nevertheless, the 

static in vitro corrosion rate (0.05 ± 0.01 mm/y at day 28) is still lower than the 

pure iron with a refined grain structure, manufactured by electroforming (i.e., 

0.40 mm/y) [60], cross-rolling (i.e., 0.11– 0.14 mm/y) [61], and selective laser 

melting (i.e., 0.085 mm/y) [62], and thus requires an improvement to achieve an 

expected biodegradation rate of an ideal bone substitute (i.e., 0.2 to 0.5 mm/y) 

[63]. 

When iron is exposed to a corrosive fluid, the corrosion is governed by an 

anodic reaction, followed by the reduction of the dissolved oxygen and water into 

hydroxide ions. As the corrosion proceeds, the pH of the medium increases, and 

iron (II, III) hydroxides form via the reaction of iron and hydroxide ions. Since 

iron (III) hydroxide is less stable, it will transform into a more stable compound, 

i.e., iron oxide hydroxide. Moreover, due to the hypoxia condition in the 

incubator, the iron (II) hydroxide undergoes an anaerobic Schikorr reaction to 

form magnetite. Also, the release of iron ions increase the surrounding pH level 

and promote the precipitation of phosphate and bicarbonate ions from the r-SBF 
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solution. The abovementioned corrosion reactions [62] explain the formation of 

iron oxide (hydroxide) and iron phosphate at the periphery (Figure 3.3b and 3.4), 

as well as the presence of iron, calcium, carbon, and oxygen in the center of the 

scaffolds (Figure 3.5) that were identified after 28 days of in vitro immersion.  

Iron ions in the r-SBF were hardly detected by the ICP-OES analysis (Figure 

3.3d), due to the participation of iron ions in the formation of iron-based 

corrosion products that are largely insoluble in a physiological condition [34]. 

The release trend of iron ions was upward in the first 14 days of immersion, 

corresponding to the elevation of the solution pH value to 7.57. During the same 

period, a faster reduction of phosphate ions in the r-SBF was observed, as 

compared to the reduction of calcium ions. Besides the reaction with iron ions, 

the early period of calcium and phosphate ion reduction could also be related to 

the precipitation of calcium phosphate-based corrosion products (Figure 3.4). 

Between days 14 and 28, a declining trend of iron ion release was noted. The slight 

increase in the pH level after 14 days of immersion may have accelerated the 

precipitation of iron phosphate and carbonate compounds, which explains the 

decreasing trends of iron ions and more consumption of calcium ions in the 

medium than in the first 14 days (Figure 3.3d). The precipitation of iron/calcium 

carbonate releases hydrogen ions, which balances the alkalinity of the solution. 

In addition, with the in vitro corrosion occurring in a 5% CO2 environment, the 

pH of the r-SBF was also effectively maintained. The pH value slightly increased 

to 7.62 at the end of the immersion tests. 

From the electrochemical perspective, the corrosion mechanism and 

kinetics of the porous iron scaffolds evolved during the immersion period (Figure 

3.6). The Bode impedance modulus values at the low frequency (i.e., 0.01 Hz) 

indicate the charge transfer resistance of the material during biodegradation and 

those at medium frequency (i.e., 10 Hz) are related to the corrosion product 

formation [64,65]. The increasing trend of impedance modulus values at the low 

and medium frequencies (Figure S3.2c) suggests the continuous build-up of 

corrosion products on the iron scaffolds throughout the immersion tests [14,66]. 

In addition, the Bode plot of the phase angle values is indicative of the corrosion 

susceptibility of the material as well. A phase angle value at a high frequency (e.g., 

at 10 kHz) close to 0°, which was observed in the specimen after 1 day of 

biodegradation (Figure 3.6b), indicates that the material is susceptible to 

corrosion [67,68]. On the contrary, the phase angle shifts to a more negative value 

when the material exhibits more corrosion resistance, as observed for the 

specimens subjected to 28 days of biodegradation [67,68]. 

Based on the Nyquist plot after 1 day of immersion (Figure 3.6c), a single arc 

was observed, implying the initial active corrosion of iron with a capacitive 

behavior [58]. The diameter of the capacitive arc indicates the corrosion rate of 
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the material. The greater the diameter size, the slower the corrosion rate [69]. As 

the corrosion test progressed to day 7, the diameter of the arc increased, showing 

that even at the initial stage, the corrosion products hindered the progress of the 

corrosion process. Thereafter, between days 7 and 9, the Nyquist spectra 

transformed into a two-semicircle pattern (Figure 3.6d). The pattern remained 

until 24 days of immersion. The two-semicircular arcs present in the Nyquist 

spectra have been reported as an indication of a corrosion mechanism that 

combines active and diffusive processes [70]. From the observations after 7 and 

14 days of immersion, corrosion products accumulated at the periphery (Figure 

3.4), in the center (Figure 3.5), and in the micropore network of the specimens. 

The active corrosion process most probably occurred on any available iron 

surface, while the diffusion action is expected to have taken place through the 

corrosion product layer that was still relatively loose and dispersed. As the 

corrosion advanced from day 9 to day 24 (Figure 3.6d), the diameter of the arcs 

grew larger along with a tendency towards a more diffusive corrosion mechanism, 

as suggested by an increase in the arc diameter and a decreased incline slope for 

the lower frequencies [71]. Approaching day 28, when nearly all of the corrosion 

products had been turned into a dense layer, the corrosion mechanism evolved 

into a solely diffusion-controlled mechanism (Figure 3.6e), which is hallmarked 

by a straight line in the Nyquist spectra in the low-frequency region [58]. 

From the in vitro immersion tests and the electrochemical analysis of the 

porous iron scaffolds, it is clear that the formation of the corrosion products 

hindered the direct dissolution of iron, hence reducing the corrosion rate over 

time. The evolution of the corrosion products from a loose layer to a densely 

structured layer during the in vitro immersion period is observed. This makes the 

long-term corrosion mechanism of porous iron scaffolds strongly dependent on 

the diffusion process [58]. An improvement in the corrosion rate of porous iron 

scaffolds can be achieved by performing dynamic in vitro immersion tests [35]. 

Although with the continuous liquid flow during in vitro immersion, substantial 

amounts of corrosion products may still adhere to the scaffolds after 28 days [35]. 

In an in vivo study on iron-based stents, a slower corrosion rate than the one 

estimated from the in vitro tests was found, due to the formation of insoluble 

iron-based corrosion products [72]. Therefore, the strategies to modify the 

corrosion products (e.g., to make them less adhering) are of great interest for the 

further development of porous iron scaffolds as bone substitutes.  

3.4.3 Bone-mimicking mechanical properties 

For ad interim metallic bone scaffolds, the mechanical properties must be 

maintained for a certain period until the new bone tissue can take over the 

mechanical role of the implant and bear physiological loading. Therefore, the 
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control over the in vivo degradation rate of the material is of great importance to 

better estimate the rate of biodegradation and avoid a sudden loss of the 

structural integrity of the scaffold. The mechanical properties of the porous iron 

scaffolds made by extrusion-based 3D printing remained in the range of those of 

cancellous bone (i.e., E = 0.5-20 GPa and σy = 0.2 – 80 MPa) despite 28 days of 

in vitro biodegradation (Figure 3.7) [73,74]. 

From the stress-strain curves, the as-sintered porous iron scaffolds (Figure 

3.7a) exhibited the typical mechanical characteristics of a ductile material. Unlike 

most geometrically ordered 3D printed porous metallic scaffolds [75,76], the 

stress-strain curves of the iron scaffolds did not exhibit a plateau stage. The 

stress-strain curves of the iron scaffolds with a 0° to 90° lay-down pattern were 

found to be quite similar to those of the 3D printed scaffolds designed using the 

solid Schwartz p-unit cells, which also have 90° interconnections between their 

struts [37,77]. In addition to the pattern, the pore network in the struts of the 

scaffolds acted as the center of stress concentration. The distribution of a large 

number of pores in the struts can also contribute to the strain-hardening effect 

during plastic deformation [78], which is similar to the dispersion-strengthening 

effect of second-phase precipitation [79]. 

As an actively corroding material, the in vitro immersion influenced the 

yield strength and elastic modulus of the porous iron scaffolds (Figure 3.7b). The 

effects of corrosion on the mechanical properties could be explained by the 

formation of corrosion products (Figure 3.4 and 3.5) and a drop in the fraction of 

pure iron fraction in the makeup of the specimens (Figure 3.5h). The interfacial 

bonding between iron and its corrosion products might affect the mechanical 

properties too [80]. Since the elastic modulus and yield strength were measured 

over a small range of strains during initial deformation, where loading could still 

be transferred across iron powder particle necks and the interfaces between iron 

and the corrosion products, the formation of the corrosion products led to 

increases in the yield strength and elastic modulus after 2 days of immersion. 

Afterwards, the values fluctuated throughout the 28 days of immersion but 

remained higher than those of the initial scaffolds. The slight increase in the yield 

strength and elastic modulus could be explained by considering the corrosion 

products as a reinforcing phase in the porous iron matrix that provided a 

strengthening effect. The addition of iron oxide (i.e., 2 and 5 wt%) has, indeed, 

been reported to improve the elastic mechanical properties of the iron-iron oxide 

composite [81]. The fluctuations in the yield strength and elastic modulus over 

the immersion time may be due to the evolution of the corrosion product 

morphology that influenced their interfacial bonding with the specimens. 

Another relevant factor could be the decreasing fraction of iron in the scaffolds as 
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corrosion progressed. The latter would significantly affect the ductility of the 

scaffolds (Figure 3.7c). 

3.4.4 Cytocompatibility 

Different levels of preosteoblast viability (Figure 3.8a) were observed, 

depending on the dilution level of the iron extract. According to the ISO 10993-5 

[82], the 100% iron extract was severely toxic (level 4) with nearly no 

metabolically active cells. The 75% iron extract was categorized as moderately 

toxic (level 3) with more than 50% growth inhibition, while the iron extracts ≤ 

50% were slightly toxic (level 1) with more than 80% metabolic activity even after 

7 days of culture. Moreover, the rhodamine-phalloidin and DAPI staining (Figure 

3.8c-e) clearly showed the unfavorable effects of undiluted extracts on the growth 

of the preosteoblasts. The number of cells increased in the diluted extracts 

contributing to the higher metabolic activity detected. The cytotoxicity of iron is 

often related to the uncontrolled formation of ROS, including superoxide anions 

and hydroxyl radicals via the Fenton reactions [83]. Although a proper ROS level 

plays an important part in some biological events, such as the activation of 

signaling pathways and gene expression, excessive ROS may lead to oxidative 

stresses, which will harm the cells [83].  

Of note, the iron extracts were prepared with an extraction ratio of 5 

cm2/mL, which is higher than the most reported extraction ratios in the in vitro 

studies of iron-based materials (e.g., 2.5 cm2/mL [26] and 1.25 cm2/mL 

[37,62,84]). In addition to the relatively high solution volume-to-surface area 

ratio, the 72 h iron extraction in the cell culture medium resulted in a higher iron 

ion concentration as compared to the extract from the r-SBF medium, which is 

most likely due to the presence of serum [85,86]. A higher extraction ratio 

combined with a high iron ion release of the scaffolds created in this study 

explains the immediate cytotoxicity of the 100% iron extract that was observed. 

A safe iron ion concentration for bone marrow stem cells has been reported to be 

< 75 mg/L [8], which is similar to the results obtained in our extraction-based 

assays with ≤ 50% iron extracts and the other results obtained from indirect cell 

culture [26,37,62,84]. Most in vivo studies on iron-based materials for implant 

applications have found those biomaterials to be systemically biocompatible 

[9,87–89], while only a few studies have found some evidence of local 

inflammation post implantation [88,89]. In our indirect assays, the more 

cytocompatible iron extracts (i.e., ≤ 50%) are more likely to correspond to the 

actual in vivo conditions, given the fact that the dynamic flow of body fluids will 

inevitably decrease the concentration of iron ions in the implant vicinity. Given 

the high baseline of iron loading in the blood (i.e., 0.447 g/L), the release of iron 
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ions from an implant is too small to cause systemic toxicity [90]. Local tissue 

toxicity analysis is, therefore, more relevant for such porous iron.  

The present direct cell seeding tests demonstrated a cytotoxic effect of the 

porous iron scaffolds with a 17-fold reduction of viable cells within the first 3 days 

of culture, and afterwards only growth inhibition. Reductions in cell viability were 

also observed in the direct culture of mouse bone marrow stem cells on 60 vol% 

porous Fe-30Mn scaffolds [25], human osteosarcoma cells on 40 vol% porous Fe-

30Mn6Si1Pd scaffolds [23], 3T3 fibroblasts [26] as well as rabbit bone marrow 

stem cells [29] on porous iron scaffolds. Interestingly, despite significant 

reductions in the number of viable cells, the preosteoblasts were still found 

stretching in the pores (Figure 3.8i) and adhering to the corrosion products of the 

porous iron scaffolds (Figure 3.8j-k). The spreading morphology of the 

preosteoblasts may be due to the combined effect of the surface morphology and 

the presence of calcium- and phosphate-based corrosion products that are known 

to be osteoconductive [9]. Since in vitro cytocompatibility assessment cannot 

completely mimic the in vivo conditions, these preliminary results warrant in 

vivo studies on 3D printed porous iron scaffolds, particularly to study the local 

cyto- and histo-compatibility of the porous iron scaffolds. 

3.5 Conclusion 

In this study, the iron scaffolds with a lay-down pattern were successfully 

fabricated by using extrusion-based 3D printing and subsequent sintering, which 

allowed for comprehensive characterization of the material for application as a 

biodegradable bone substitute. The structure of the fabricated porous iron 

scaffolds was highly interconnected, owing to the presence of macropores from 

the pattern design and random micropores in the struts. After 28 days of static in 

vitro immersion, the mass of the porous iron reduced by 7%. The in vitro 

corrosion rate decreased from 0.28 down to 0.11 mg/cm2/day, with different 

corrosion mechanisms operating over the 28 days of static immersion. The yield 

strength and elastic modulus of the porous iron scaffolds slightly increased due 

to the formation of corrosion products in the struts during the 28 days of in vitro 

corrosion. These values remained within the range of the mechanical properties 

of cancellous bone. The direct culture of preosteoblasts on the iron scaffolds 

revealed cytotoxicity, due to the high concentration of iron ions, as explained by 

the results from the extraction-based assays. Further in vitro cytotoxicity 

experiments (e.g., co-culture of multiple types of cells and in vivo studies) should 

be performed [37] under dynamic conditions. Taken together, our results showed 

that extrusion-based 3D printing could deliver porous iron scaffolds with 

enhanced biodegradability and bone-mimicking mechanical properties for 

potential application as bone substitutes. Introducing bioactive components in 
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the form of coatings [10] or inside the scaffold body to form composites [30,63] 

may be explored to further improve the biofunctionalities of such 3D printed 

porous iron scaffolds. 

3.6 Supplementary material  

 

 

Figure S3.1. (a) Materials for ink preparation, from left to right i.e., 5 wt% hypromellose aqueous 

solution, iron powder, ink mixture and 10 mL cartridge, (b) as-printed iron scaffolds on the build 

plate, (c) rheological behavior of the iron ink, (d) TGA graph of hypromellose, and (e) solid fractions 

of struts under different sintering conditions of temperature and time. 
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Table S3.1. Rheological parameters of the iron ink, of which τ₀ is the yield stress, n the flow behavior 

index, and K the consistency index of the fluid. 

Fe ink τ₀ (Pa) n K 

49 vol% 1039 ± 46 0.205 ± 0.028 1143 ± 105 

 

The yield stress τ₀ was determined by extrapolation of the stress curve to 

zero shear rate. The flow behavior index n and the consistency index of the fluid 

K were obtained by fitting the shear stress versus shear rate curve into the 

constitutive equation of the Herschel-Bulkley model (S1). 

𝜏 = 𝜏₀ +  𝐾𝛾𝑛  (S1) 

The ink viscosity was calculated using Equation (S2): 

𝜂 = 𝐾𝛾𝑛−1 + 𝜏₀𝛾−1  (S2) 

 

 

 

Figure S3.2. Electrochemical characteristics of the porous iron scaffolds: (a) potentio-dynamic 

polarization (PDP) curves after 1 day and 28 days of immersion in r-SBF, (b) linear polarization 

resistance (LPR) as a function of immersion time, and (c) relative impedance moduli at low (0.01 Hz) 

and medium (10 Hz) frequencies over immersion time. 
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4 
Poly(2-ethyl-2-oxazoline) coating on 

biodegradable porous Fe 

 

Additively manufacturing of porous iron offers a unique opportunity to 

increase its biodegradation rate by taking advantage of arbitrarily complex 

porous structures. Nevertheless, achieving the required biodegradation profile 

remains challenging due to the natural passivation of iron that decreases the 

biodegradation rate. Moreover, the biocompatibility of iron is reported to be 

limited. Here, we address both challenges by applying poly(2-ethyl-2-oxazoline) 

coating to extrusion-based 3D printed porous iron. We characterized the 

specimens by performing in vitro biodegradation, electrochemical 

measurements, time-dependent mechanical tests, and in vitro cytocompatibility 

assays. The coated porous iron exhibited a biodegradation rate that was 2.6× 

higher than that of non-coated counterpart and maintained the bone-mimicking 

mechanical properties throughout in vitro biodegradation. Despite the formation 

of dense biodegradation products, the coating ensured relatively stable 

biodegradation (i.e., 17% reduction in the degradation rate between days 14 and 

28) as compared to that of non-coated specimens (i.e., 43% drop). Furthermore, 

the coating could be identified even after biodegradation, demonstrating the 

longevity of the coating. Finally, the coated specimens significantly increased the 

viability and supported the attachment and growth of preosteoblasts. Our results 

demonstrate the great potential of poly(2-ethyl-2-oxazoline) coating for 

addressing the multiple challenges associated with the clinical adoption of porous 

iron.  
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4.1 Introduction 

Over the past decade, iron-based scaffolds have been developed as a new 

class of biodegradable materials to fulfil the requirements of temporary 

orthopedic implants [1]. The development of iron-based biomaterials, however, 

remains challenging due to their too low rates of biodegradation [2]. The 

biodegradation process of iron results in the formation of corrosion products 

(e.g., iron hydroxides and iron phosphate) that hinder oxygen transport to iron 

in the subsurface [3], thereby slowing down the continued corrosion of iron. The 

other major challenge in the use of iron-based biomaterials is their limited 

cytocompatibility [4]. While several studies have tried to address the 

abovementioned challenges [5,6], they remain unresolved. Alloying iron with 

lower standard electrode potential elements is one of the most widely used 

strategies [6–8]. Alternatively, adding alloying elements to iron can generate new 

phases that induce local galvanic corrosion and, thus, speed up its corrosion [6,8]. 

However, such alloying elements can be even more cytotoxic than iron. 

The recent advances in additive manufacturing (AM) techniques, such as 

selective laser melting (SLM) [9–11] and extrusion-based 3D printing [12], have 

enabled the fabrication of iron-based biomaterials with arbitrarily complex 

hierarchical geometries and fully interconnected pores. A highly porous structure 

has much large surface area than its solid counterpart, favoring accelerated 

biodegradation of iron. However, this approach may become less effective over 

time for iron, as dense passive biodegradation products gradually form. 

Biofunctionalization with polymer or bioceramic coatings is another strategy 

to both alter the biodegradation behavior of iron and provide osteogenic 

properties [13,14]. While the addition of bioceramics induces osteogenic 

properties, these coatings tend to reduce the biodegradation rate of iron due to 

their stable nature [15–18]. Polymer coatings (e.g., based on polylactic acid (PLA) 

[19–21], poly(lactic-co-glycolic acid (PLGA) [22], polyethylene glycol (PEG) [23], 

and polyethyleneimine (PEI) [24]) enhance the biodegradation of iron too [20–

24]. Moreover, these coatings have been shown to be cytocompatible for various 

cell types [25–27]. 

Gradual hydrolyzation of biodegradable polymer coatings (i.e., PLA and 

PLGA) creates an acidic environment [23] that accelerates the dissolution of 

biodegradation products, thereby exposing more bare iron surface to 

biodegradation [20–22]. Although PEG is often regarded as a non-biodegradable 

polymer, it is known to be sensitive to oxidative degradation due to its polyether 

backbone [28]. Indeed, the coating layer should not biodegrade too quickly in 

order to make sure it can foster continuous transport of metallic ions out of the 
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bulk material, while preventing the strong adhesion of degradation products that 

would otherwise inhibit further corrosion of iron.  

Recently, poly(2-alkyl/aryl-2-oxazoline)-based polymers (PAOx) have 

received much attention as PEG alternatives in biomedical applications [29,30]. 

Unlike PEG, PAOx possess a tertiary amide backbone, which makes the polymer 

highly stable under biologically relevant conditions [31,32]. Moreover, PAOx are 

highly versatile, offering a broad range of end-group and side-chain 

functionalization possibilities attainable through copolymerization [29]. Poly(2-

ethyl-2-oxazoline) (PEtOx) is the most investigated PAOx derivative, due to its 

similar hydrophilicity to PEG and balanced amphiphilicity [30]. PEtOx has 

demonstrated great potential for application in tissue regeneration and as the 

basis of a wide variety of drug delivery systems [33–35]. However, it has never 

been applied for the bio-functionalization of AM porous iron.  

We have recently demonstrated how extrusion-based 3D printing can 

deliver hierarchical porous iron with much enlarged surface area (to improve 

their biodegradability) and bone-mimicking mechanical properties [12]. Here, we 

combined this fabrication method with PEtOx coatings to develop 

multifunctional porous iron scaffolds, which were then thoroughly characterized 

by performing in vitro biodegradation experiments, electrochemical 

measurements, time-dependent measurements of mechanical properties, and in 

vitro cytocompatibility assays. 

4.2 Materials and methods 

4.2.1 3D printing of porous iron scaffolds 

Porous iron scaffolds with a diameter of ⌀ = 10 mm and a height of h = 

10.5 mm were manufactured using extrusion-based 3D printing (Figure 4.1), 

followed by debinding and sintering, as described in Chapter 3, section 3.2.1. 

These scaffolds will hereafter be referred to as non-coated iron. 

4.2.2 Synthesis and characterization of poly(2-ethyl-2-oxazoline) 

We added 2.02 mol of distilled 2-ethyl-2-oxazoline (203.6 mL, Polymer 

Chemistry Innovations, Arizona, USA), 300.7 mL ethyl acetate (purity 99.9%, 

extra dry, Fisher Scientific), and 20.19 mmol of distilled methyl p-

toluenesulfonate (3.055 mL, purity 98%, Sigma Aldrich) to a 1-L Schott bottle 

that was equipped with a magnetic stirrer and was sealed in a glovebox under an 

inert and dry atmosphere. The polymerization mixture was heated for 21 h at 60 

°C in an oil bath, followed by a cool-down step to reach the room temperature. 

The polymer was terminated in the glovebox with 22.21 mmol, 9.34 mL 

tetramethylammonium hydroxide solution (25 wt% in methanol) [36]. The 
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reaction was filtered and subsequently concentrated in vacuo. The residue was 

dissolved in deionized water and was purified by dialysis in water, followed by 

freeze-drying to yield (114 g, 57%) a white solid. The molar mass (Mn) values of 

the PEtOx polymer were characterized using size-exclusion chromatography 

(SEC, Agilent 1260-series high-performance liquid chromatography system, 

USA) and was calculated against the linear PEtOx standards (Avroxa, Belgium). 

The dispersity (Ð) values were calculated against the linear PMMA standard 

(Polymer Standard Service). In addition, 1H nuclear magnetic resonance (NMR) 

analysis was conducted using a Bruker Avance 400 spectrometer (400 MHz, 

USA) to confirm the composition of the PEtOx polymer (Figure S4.2). 

4.2.3 Surface biofunctionalization 

The PEtOx-OH terminated polymer (purity >95%, Mn, theoretical = 9.9 kDa, Mn, 

SEC = 9.7 kDa (PEtOx standard calibration), and Ð = 1.10, Figure S4.3) was 

dissolved in 96% ethanol with a concentration of 10% w/v. The iron scaffolds were 

immersed into the PEtOx-OH solution. A vacuum pressure of 7 kPa was applied 

for 15 min to infiltrate the polymer into the open pores of the scaffolds. After that, 

the scaffolds were dried overnight. These scaffolds will hereafter be referred to as 

PEtOx-coated iron (Figure 4.1). 

 

 

Figure 4.1. Illustrations of extrusion-based 3D printing, non-coated iron scaffolds, the process of 

coating the porous iron scaffolds in a PEtOx-OH solution, and a PEtOx-coated iron specimen. 

 

4.2.4 Characterization of the surface-biofunctionalized scaffolds 

The morphologies of the non-coated iron and PEtOx-coated iron were 

examined using a scanning electron microscope (SEM, JEOL JSM-IT100, Japan), 

and both the strut sizes and strut spacings were measured. The chemical 

composition of the coating was analyzed using X-ray energy dispersive 

spectroscopy (EDS, JEOL JSM-IT100, Japan). The cross section of the PEtOx-

coated iron was imaged using the same SEM and the coating thickness was 

measured. The regions of interest on the cross sections of the struts were 

determined and the pore area was selected using ImageJ (NIH, USA). The solid 

fraction of the struts was calculated with Equation (3.1). 
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In addition, the chemistry of the PEtOx-OH polymer and that of the PEtOx-

coated iron specimen were determined using a Fourier-transform infrared 

spectroscope (FTIR, Nicolet iS50 FT-IR, Thermo Scientific, USA) equipped with 

built-in attenuated total reflection (ATR) and a liquid nitrogen-cooled mercury-

cadmium-telluride detector. The phase composition of the PEtOx-coated iron 

specimen was identified using an X-ray diffractometer (XRD, Bruker D8 Advance 

diffractometer in the Bragg-Brentano geometry). The XRD was equipped with a 

graphite monochromator and a Lynxeye position-sensitive detector and operated 

using Cu Kα radiation at 45 kV and 40 mA and with a step size of 0.030° and a 

counting time of 2 s per step. The X-ray datasets were analyzed using the Diffrac 

Suite.EVA v5.2 software (Bruker, USA). 

4.2.5 Characterization of the porosity of the scaffolds 

The non-coated iron and PEtOx-coated iron scaffolds were weighed to 

determine the increase in mass due to coating. A dry weighing method was used 

to obtain the absolute porosity values, as described in Chapter 3, with Equations 

(3.2) and (3.3). In addition, based on the ASTM standard B963-13 [37] and as 

described in Chapter 3, Equation (3.4), the interconnected porosity values of the 

non-coated iron and PEtOx-coated iron scaffolds were determined. The density 

of the PEtOx-coated iron scaffold (ρPEtOx-Fe) was 6.41 g/cm3. 

4.2.6 Immersion tests and biodegradation product characterization 

The immersion tests for PEtOx-coated iron scaffolds were performed in the 

revised simulated body fluid (r-SBF, static environment) whose ion 

concentrations are the same with those of the total human blood plasma [38]. The 

immersion continued uninterrupted for 2, 7, 14, and 28 days (in triplicate) under 

the conditions in detail in Chapter 3, section 3.2.4. There was 6.7 mL of the 

medium for every 1 cm2 of the scaffold surface area [39]. The non-coated iron 

were included as the control group. The pH values of the fluid were measured 

both close to the specimens and far from them using a pH electrode (InLab Expert 

Pro-ISM, METTLER TOLEDO, Switzerland). In addition, the concentrations of 

soluble iron, calcium, and phosphate ions were measured using an inductively 

coupled plasma optical emission spectroscope ICP-OES (iCAP 6500 Duo, 

Thermo Scientific, USA).  

At selected time points (i.e., 7, 14, and 28 d), the morphologies of the 

biodegradation products on the periphery of the PEtOx-coated iron were 

observed using SEM (JEOL JSM-IT100, Japan), and the main elemental 

compositions of the biodegradation products were determined using EDS (JEOL 

JSM-IT100, Japan). The phase compositions of the biodegradation products of 

the PEtOx-coated iron after 28 days of immersion were determined using XRD 

(D8 Advance, Bruker, USA).  
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To examine the remaining PEtOx coating layer after 28 days of immersion, 

the biodegraded scaffolds were gently shaken during retrieval from the 

immersion medium to remove loosely attached peripheral biodegradation 

products. The surface of the scaffolds beneath the peripheral degradation 

products was investigated using SEM and EDS. In addition, the biodegraded 

scaffolds were cut through a transverse plane at the center of the scaffold, the 

cross section was polished, and the biodegradation products formed inside the 

struts (i.e., in the micropores between sintered Fe powder particles) were 

examined. The remaining solid fraction in the PEtOx-coated iron struts after 28 

days of immersion was calculated using ImageJ (NIH, USA) and Equation (3.1). 

Furthermore, the mass losses of the non-coated iron and PEtOx-coated iron 

scaffolds were calculated after the dissolution of the biodegradation products of 

the scaffolds, as described in Chapter 3, section 3.2.4, following the ASTM 

standard G1-03 [40]. From the mass loss values, the average corrosion rate was 

calculated, based on the ASTM standard G31-72 [41] with Equation (3.5). 

4.2.7 Electrochemical measurements 

The electrochemical responses of the PEtOx-coated iron scaffolds during 

biodegradation were measured in r-SBF for up to 28 days (temperature = 37 ± 

0.5 °C and pH = 7.40) using a three-electrode setup consisting of an Ag/AgCl 

electrode (the reference), a graphite rod (the counter electrode), and the test 

specimen (the working electrode) that was connected to a Bio-Logic SP-200 

potentiostat (Bio-Logic Science Instruments, France).  

The PEtOx-coated iron specimens (in triplicate, for every time point) were 

prepared for open circuit potential (OCP), linear polarization resistance (LPR) 

and electrochemical impedance spectroscopy (EIS) measurements with 

parameters as described in detail in Chapter 3, section 3.2.6. The resulting 

Nyquist and Bode curves were plotted and analyzed. The Nyquist impedance data 

points at low frequencies (i.e., at 0.2 to 0.05 Hz) were linearly extrapolated and 

the angles between the line and x-axis were determined. 

4.2.8 Mechanical tests  

Uniaxial compressive mechanical properties of the PEtOx-coated iron 

scaffolds and the specimens retrieved at multiple time points (i.e., after 7, 14, and 

28 days of immersion, in triplicate for every time point) were determined using a 

mechanical testing machine (100 kN load cell, Zwick Z100, Germany), following 

the ISO standard 13314:2011 [42]. The elastic modulus  and yield strength were 

determined as described in Chapter 3, section 3.2.7. 
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4.2.9 Cytocompatibility evaluation 

Preculture of cells and preparation of iron extracts 

Mouse preosteoblasts (MC3T3-E1, Sigma Aldrich, Germany) were 

precultured for 7 days in a cell culture incubator with the following conditions as 

described in Chapter 3, section 3.2.8. The cell culture medium consisting of the 

α-minimum essential medium (α-MEM, Thermo Fisher Scientific, USA) without 

ascorbic acid but supplemented with 10% fetal bovine serum (FBS, Thermo 

Fisher Scientific, USA) and 1% penicillin/streptomycin (p/s, Thermo Fisher 

Scientific, USA) was used. The same cell culture medium was used in the 

preparation of iron extracts and for the cell culture assays. 

Extracts were obtained from the PEtOx-coated iron scaffolds (sizes: ⌀ = 9.75 

mm and h = 10.25 mm) after 72 h of incubation [43] in the cell culture medium 

with conditions, as described in Chapter 3, section 3.2.8. The extracts were 

diluted to 75%, 50%, or 25%. The concentration of iron ions in the 100% extract 

was measured using ICP-OES (iCAP 6500 Duo, Thermo Scientific, USA).   

Indirect test: PrestoBlue assay 

Preosteoblasts MC3T3-E1 (1 × 104 cells, in 48-well plates, triplicate) were 

cultured in 200 µL of the PEtOx-coated iron extract with various degrees of 

dilution for 1, 3, and 7 days. The PrestoBlue assay (as described in Chapter 3, 

section 3.2.8) was utilized to evaluate the metabolic activity of the cells that was 

calculated with Equation (3.7). 

Direct assays: Viable cell count and live/dead staining 

Preosteoblasts MC3T3-E1 (5 × 104 cells) were seeded onto the PEtOx-coated 

iron (sizes: ⌀ = 9.75 mm and h = 1.3 mm) and were cultured in 6-well plates with 

8 mL of the cell culture medium (triplicate) for 1, 4, 7, 14, and 28 days. The Trypan 

blue reagent (Bio-Rad, USA) and cell counting methods (as described in Chapter 

3, section 3.2.8) were utilized to determine the number of viable cells after cell 

culture. After 4, 7, and 14 days of culture, the preosteoblasts were stained using 

calcein and ethidium homodimer-1 (Thermo Fisher Scientific, USA). 

Furthermore, the morphology of the preosteoblasts present on the scaffolds was 

examined with SEM after 14 days of culture. 

4.2.10 Statistical analysis 

The statistical analysis was carried out using two-way ANOVA and Tukey 

multiple comparison post hoc test for PrestoBlue and Trypan blue assays in the 

cell culture experiments (**** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, and * 

= p < 0.05, n.s. = not significant). 
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Table 4.1. Characteristics of the extrusion-based 3D printed porous iron and PEtOx-coated iron 
scaffolds. 

Sample group 
Strut width 
(µm) 

Strut 
spacing 
(µm) 

Absolute 
porosity (%) 

Interconnected 
porosity (%) 

Design 410 400 50 - 

Non-coated iron 411 ± 6 399 ± 6 69 ± 1 67 ± 2 

PEtOx-coated iron 412 ± 4 398 ± 5 62 ± 1 61 ± 1 

 

 

 

 

Figure 4.2. The morphologies of (a, b, c) non-coated iron and (d, e, f) PEtOx-coated iron at different 

magnifications, (g) the cross section of the PEtOx-coated iron scaffold struts, and (h) the FTIR graph 

of the PEtOx-OH polymer and PEtOx-coated porous iron specimens. 
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4.3 Results 

4.3.1 Morphological and chemical characterization of the scaffolds 

The extrusion-based 3D printed porous iron scaffolds demonstrated a 0° 

and 90° lay-down pattern, essentially replicating the design (Figure 4.2a-c). Their 

dimensions were 9.75 ± 0.03 mm in diameter and 10.24 ± 0.02 mm in height. 

Their actual strut size was 411 ± 6 µm with an actual strut spacing of 399 ± 6 µm 

and an actual interconnected porosity of 67 ± 2% (Table 4.1). After PEtOx coating, 

the porous structure and the strut geometry of the scaffolds remained almost 

unchanged (Figure 4.2d). A relatively uniform layer of PEtOx coating covered the 

surface of partially sintered iron powder particles (Figure 4.2e), and contained 

Fe, C, O, and N (Figure 4.2f). The coating was very thin with a thickness of 2.0 ± 

0.5 µm (Figure 4.2g). The dimensions of the coated scaffolds hardly changed, with 

a diameter of 9.75 ± 0.02 mm and a height of 10.25 ± 0.01 mm, but the coating 

moderately altered the strut width and strut spacing to 413 ± 4 µm and 397 ± 

5 µm, respectively.  

In addition, the PEtOx-coated iron scaffolds had a lower interconnected 

porosity, (i.e., 61 ± 1%) (Table 4.1) and an increased solid fraction (i.e., 94 ± 4%) 

than the non-coated iron. The XRD analysis of the PEtOx-coated iron scaffold 

revealed the presence of the α-iron phase, confirming that the coating process did 

not induce oxidation and did not affect the purity of the base material (Figure 

S4.1). The FTIR spectrum of the PEtOx-coated iron scaffolds showed various 

transmittance bands that were similar to those of the PEtOx-OH polymer, but 

with lower intensities (Figure 4.2h). The FTIR valleys at 1061 cm−1, 1194 cm−1, 

and 1238 cm−1 indicated the presence of C-C stretching, while the bands at 1322 

cm−1, 1374 cm−1, and 1470 cm−1 indicated the presence of C-H bending [44]. The 

FTIR bands at 1419 cm−1 and 1625 cm-1 were respectively attributed to CH3 

bending and C=O (amide) stretching [45]. On the PEtOx-coated iron scaffolds, 

the C=O (amide) valley was shifted to 1628 cm−1. Moreover, the transmittance 

bands at 2874 cm−1, 2939 cm−1 and 2977 cm−1 suggested the existence of CH2 

stretching [44,46]. The OH bonding at 3488 cm-1 on the PEtOx-OH polymer was 

attributed to the hydroxyl terminated feature of the polymer. On the other hand, 

the OH group appeared to be diminished on the PEtOx-coated iron scaffold. 

4.3.2 In vitro biodegradation characteristics  

Yellow-brownish biodegradation products appeared on the periphery of the 

PEtOx-coated iron scaffolds after 28 days of static in vitro immersion 

(Figure 4.3a). At the 2nd day of immersion, the PEtOx-coated iron scaffolds 

exhibited a biodegradation rate of 0.32 ± 0.01 mm/y. At the 14th day of 

immersion, the biodegradation rate dropped to 0.16 ± 0.04 mm/y. Then, the rate 
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of biodegradation continued to decline until it reached 0.13 ± 0.02 mm/y at the 

28th day of immersion (Figure 4.3b). On the other hand, the biodegradation rate 

of the non-coated iron specimens were 0.11 ± 0.03 mm/y at the 2nd day of 

immersion, which declined to 0.09 ± 0.02 mm/y at the 14th day of immersion and 

further dropped to 0.05 ± 0.03 mm/y at day 28 (Figure 4.3b). 

 

 

Figure 4.3. The in vitro biodegradation of the PEtOx-coated iron scaffolds: (a) visualization of the 

specimens before and after 28 days of biodegradation, (b) corrosion rate, (c) the phase compositions 

of biodegradation products on day 28, and the time-dependent concentrations of (d) iron, (e) calcium, 

and (f) phosphate ions in the r-SBF solution during the in vitro biodegradation experiments. 
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Figure 4.4. The morphologies and chemical compositions of the biodegradation products on the 

periphery of the PEtOx-coated iron scaffolds after (a, d, g) 7, (b, e, h) 14, and (c, f, i) 28 days in vitro 

biodegradation. The arrow and number indicate the location of the EDS measurements. 

 

Throughout the in vitro biodegradation experiments, the pH values in the 

vicinity of the PEtOx-coated iron and the pH values distant from the scaffolds 

remained around 7.68 to 7.70, slightly higher than the values measured for the 

non-coated iron specimens (i.e., 7.63). As the biodegradation experiments 

progressed, iron ions were continuously released to r-SBF (Figure 4.3d). The iron 

ion concentration from the PEtOx-coated iron scaffolds was the highest on the 

2nd day of immersion (i.e., 2.26 ± 0.30 mg/L), while the iron ions released from 

the non-coated scaffolds gradually increased until the 14th day of immersion (i.e., 

0.67 ± 0.04 mg/L). Subsequently, the iron ion concentrations decreased until day 

28 when they reached 0.11 ± 0.01 mg/L and 0.08 ± 0.05 mg/L for the PEtOx-

coated iron and non-coated specimens, respectively. Meanwhile, the calcium and 

phosphate ions present in the immersion medium continuously decreased with 

time (Figure 4.3e-f). The decrease in phosphate ion concentration was more 

pronounced in the case of the non-coated specimens than the PEtOx-coated iron 

scaffolds. In the case of the PEtOx-coated iron specimens, the measured 

concentrations of phosphate ions were 85.3 ± 2.7 mg/L on day 2, 67.4 ± 1.1 mg/L 

on day 7, 31.7 ± 0.1 mg/L on day 14, and 5.2 ± 0.6 mg/L on day 28, while the 

phosphate ion concentrations associated with the non-coated specimens were 
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67.66 ± 2.3 mg/L on day 2, 32.74 ± 3.0 mg/L on day 7, 10.02 ± 2.2 mg/L on day 

14, and 1.2 ± 0.3 mg/L on day 28. 

4.3.3 Characteristics of the biodegradation products  

After 28 days of in vitro immersion, the biodegradation products of the 

PEtOx-coated iron scaffolds at the periphery were identified as lepidocrocite 

(Figure 4.3c) and a 78 ± 6% solid fraction of the PEtOx-coated iron specimens 

was retained. In addition, Fe and O appeared to be the main elements in the 

biodegradation products, along with C, Ca, P, Cl, S, and Mg (Figure 4.4). The 

biodegradation product layer after 7 days of immersion was less compact than the 

layer formed at the later time points of immersion (i.e., days 14 and 28, Figure 

4.4a-c). At the 7th day of immersion (Figure 4.4a), the biodegradation products 

formed on the PEtOx-coated iron specimens were dense and granulated with two 

distinct chemical compositions: one containing C, O, S, Cl, Ca, P, and Fe ((Figure 

4.4d) and the other being composed of Fe, Ca, P, and O (Figure 4.4g). The 

detection of the latter suggested the formation of iron/calcium phosphate 

compounds. On days 14 and 28, the biodegradation products appeared to be 

denser (Figure 4.4b-c). At a higher magnification, the morphology of the 

biodegradation products formed on the PEtOx-coated iron scaffolds appeared to 

be granulated with a variety of very fine porous features (Figure 4.4e-f). On days 

14 and 28, the chemical compositions of the biodegradation products (i.e., C, O, 

Cl, Ca, P and Fe) were similar to those on day 7 with somewhat increased 

concentrations of calcium and phosphorus (Figure 4.4h-i). 

 

 

Figure 4.5. The morphologies and chemical compositions of the biodegradation products of the 

PEtOx-coated iron scaffolds on day 28: (a, b, c) beneath the dense layer on the periphery imaged at 

different magnifications, (d, e) cross section at the center, and (e) the EDS mapping on the cross 

section. The arrows and numbers indicate the locations of the EDS measurements. 
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Underneath the peripheral layer of the biodegradation products (Figure 

4.5a-c), the interconnected porous struts of the PEtOx-coated iron scaffolds were 

still clearly discernible. The surface of the interconnected iron particles was also 

covered by the biodegradation products. EDS analysis on the biodegradation 

products revealed the presence of N together with C, O, Na, Cl, and Fe (Figure 

4.5a). The N content (in terms of mass percentage) was lower than its initial value 

(Figure 4.2f). Interestingly, at different spots, N was found along with C, O, and 

Fe (Figure 4.5b), corresponding to the same chemical composition as found in 

the initial PEtOx coating (Figure 4.2f). Other spots on the periphery of the 

specimens exhibited biodegradation products with similar chemical 

compositions (Figure 4.5c). At the center of the PEtOx-coated iron scaffolds, solid 

biodegradation products (containing Fe, Ca, C, and O) were observed in the 

interconnected micro-pores of the struts, suggesting the formation of 

iron/calcium carbonate compounds (Figure 4.5d). However, only Fe and O were 

detected in the EDS map (Figure 4.5e).  

4.3.4 Electrochemical measurements  

Over the 28 days of in vitro biodegradation, the OCP value of the PEtOx-

coated iron scaffolds only changed insignificantly (Figure 4.6a). The average OCP 

value on the 2nd day of immersion was -674 ± 6 mV, which essentially stabilized 

at -670 ± 21 mV, -671 ± 28 mV, and -677 ± 38 mV, respectively, on days 7, 14, and 

28. To the contrary, the average OCP value of the non-coated iron specimens 

increased significantly throughout the immersion period (Figure 4.6a). The OCP 

values were -696 ± 5 mV on day 2, -677 ± 5 mV on day 7, -673 ± 1 mV on day 14, 

and -600 ± 65 mV on day 28. From the LPR tests of the PEtOx-coated iron 

specimens (Figure 4.6b), the average polarization resistance (Rp) value on the 2nd 

day of immersion was 5.0 ± 0.7 kΩ.cm2. Then, the Rp values increased to 5.7 ± 1.1 

kΩ.cm2, 6.6 ± 1.2 kΩ.cm2, and 9.2 ± 3.2 kΩ.cm2 on days 7, 14, and 28, respectively. 

For the non-coated iron specimens (Figure 4.6b), the Rp values substantially 

increased from 3.3 ± 0.8 kΩ.cm2 on day 2 to 29.9 ± 4.8 kΩ.cm2 on day 28. 

The impedance Nyquist plots of the PEtOx-coated iron scaffolds (EIS 

measurements) showed two distinct types of electrochemical responses: while a 

single semicircle can be observed on day 2 (Figure 4.6c), an extra time constant 

(semicircle arc) was observed from day 7 to day 28 (Figure 4.6d-e). The linear 

extrapolation line in the impedance Nyquist in the low frequency region (i.e., 0.2 

to 0.05 Hz) exhibited angles of 43.4°, 42.7°, 41.7°, 44.8°, and 41.9° to the x-axis 

after 2, 7, 14, 21, and 28 d of immersion, respectively (Figure 4.6c-e). The 

impedance magnitudes agreed with the Rp values. At a frequency of 0.01 Hz, the 

impedance Bode values of the PEtOx-coated iron specimens were 3.6 ± 0.3 

kΩ.cm2, 4.2 ± 0.6 kΩ.cm2, 5.8 ± 0.9 kΩ.cm2, and 7.9 ± 3.3 kΩ.cm2, after 2, 7, 14, 
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and 28 days of immersion, respectively (Figure 4.6f). In the low frequency region 

(e.g., 0.1 Hz), the Bode phase angle shifted towards a more positive value, from -

38 ± 2° on day 2 to -22 ± 1° and -15 ± 5°, on days 14 and 28, respectively (Figure 

4.6g). In the higher frequency region (e.g., at 10 kHz), however, the phase angle 

moved towards a more negative value from -1.1 ± 0.4° on day 2 to -17 ± 3° and -

34 ± 10° on days 14 and 28, respectively. 

 

 

Figure 4.6. The electrochemical measurements of the PEtOx-coated iron scaffolds during the 

biodegradation experiments: the evolution of the (a) OCP and (b) Rp values with time. (c, d, e) The 

Nyquist impedance curves at different time points. (f, g) The Bode impedance plot and phase angle 

values at different time points. The arrows indicate a specific frequency of 0.01 Hz. The lines indicate 

the linear extrapolation of Nyquist impedance at 0.2 to 0.05 Hz. 

 

4.3.5 Mechanical properties  

The PEtOx-coated iron scaffolds exhibited smooth stress-strain curves 

under uniaxial compression even after in vitro biodegradation for 28 d. The 
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stress-strain curves initiated with a linear elastic region, followed by a region with 

a less steep rate of stress increase resembling the plastic deformation region 

(Figure 4.7a). The PEtOx-coated iron scaffolds were less ductile after 

biodegradation with the strain-to-failure dropping from 0.44 ± 0.07% to 0.35 ± 

0.05% after 28 days of immersion. In addition, the PEtOx-coated iron specimens 

had a yield strength and an elastic modulus of 6.2 ± 0.8 MPa and 0.5 ± 0.09 GPa, 

respectively. On days 7 and 28, the yield strengths were 4.9 ± 1.4 MPa and 5.3 ± 

1.0 MPa (Figure 4.7b). At the same time points, the elastic moduli were 0.41 ± 

0.08 GPa and 0.41 ± 0.06 GPa (Figure 4.7b). 

 

 

Figure 4.7. The mechanical properties of the PEtOx-coated iron specimens: (a) stress-strain curves. 

Changes in the (b) yield strength and elastic modulus with biodegradation time. 

 

4.3.6 In vitro cytocompatibility  

The MC3T3-E1 preosteoblasts cultured in 100% extracts associated with the 

PEtOx-coated specimens, containing 105.4 ± 5.7 mg/L iron ion, exhibited a very 

low metabolic activity (i.e., 13 ± 1% to 23 ± 3%) throughout the cell culture period 

of 7 days (Figure 4.8a). The metabolic activity of the preosteoblasts improved to 

43 ± 7% when cultured in 75% extract for 24 h. However, the value dropped to 25 

± 3% after 7 days of cell culture. At the 50% and 25% extracts, the metabolic 

activities of the cells were above 80% at all cell culture time points (Figure 4.8a).  

In addition, the direct culture of preosteoblasts on the PEtOx-coated iron 

scaffolds showed a significant increase in the number of cells after 7 days of 

culture (p < 0.01), which was maintained over the remaining culture period 

(Figure 4.8b). The numbers of viable preosteoblasts counted on the PEtOx-coated 

iron scaffolds were higher at all the time points than those on the non-coated iron 

scaffolds (i.e., p < 0.01 at day 4 and p < 0.0001 at the 7th, 14th, and 28th day, Figure 

4.8b). In agreement with the cell counting assay, the live/dead staining revealed 

more viable (green-stained) cells adhered on the PEtOx-coated iron than the non-

coated scaffolds at all the time points. The number of nonviable (red-stained) 
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cells on the non-coated iron increased from the 4th day to the 14th day of cell 

culture (Figure 4.8c-e). However, the preosteoblasts remained viable (green-

stained) on the PEtOx-coated iron scaffolds throughout the 14 days of cell culture 

period (Figure 4.8g-i). On the non-coated specimens, the morphology of the 

preosteoblasts was rounded and the cells were covered by particulate 

biodegradation products after 14 days of cell culture (Figure 4.8f). On the 

contrary, the cells were spread and developed extended filopodia on the PEtOx-

coated iron surface (Figure 4.8j). 

 

 

Figure 4.8. The cytocompatibility of the PEtOx-coated iron scaffolds tested using MC3T3-E1 

preosteoblasts: (a) the metabolic activity of the cells cultured with the extracts retrieved at different 

time points, (b) the viable cell counts over 28 days of culture. The live/dead staining of (c, d, e) the 

non-coated iron and (g, h, i) PEtOx-coated iron specimens after 4, 7, and 14 days of culture, and the 

typical morphology of the cells cultured in (f) the non-coated iron and (j) PEtOx-coated iron scaffolds 

(after 14 days of culture). **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, * = p < 0.05 and n.s. = not 

significant 

4.4 Discussion 

The PEtOx coating applied to extrusion-based 3D printed iron scaffolds hold 

great promise, given that they have the potential to improve various properties of 
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iron-based scaffolds, thereby enabling them to function as biodegradable bone 

substitutes. The favorable properties of PEtOx-coated porous iron include (i) an 

enhanced in vitro biodegradation rate (i.e., 0.13 mm/y) that is 2.6 times higher 

than its non-coated counterpart, (ii) bone-mimicking mechanical properties [47] 

with a yield strength of 5.3 – 6.2 MPa and an elastic modulus of 0.41 – 0.46 GPa 

maintained even after 28 days of biodegradation, and (iii) enhanced cell viability 

and cell adhesion due to the presence of the PEtOx coating. 

4.4.1 PEtOx coating on extrusion-based 3D printed porous iron  

The biomaterial developed here can be further improved using the other 

approaches available in the literature, such as alloying the base material prior to 

coating, fine-tuning the polymer concentration, and the application of other types 

of PAOx polymers. We immersed the 3D printed scaffolds in the polymeric 

solution, aided by a moderate vacuum. Similar to the dip coating technique, this 

is a reliable and straightforward method to create a thin and uniform layer on a 

material with a complex porous structure [48–50]. The use of vacuum was 

intended to ensure a thorough distribution of the polymer solution inside the 

open pores of the scaffolds. Vacuum has also been shown to improve the 

interfacial bonding of polymer and iron [22]. Aided by the negative pressure, the 

PEtOx polymer formed a relatively homogenous thin coating layer on the struts 

of the scaffolds (Figure 4.2d). A relatively dense coating layer was observed on 

the necking of the iron powder particles (Figure 4.2e-f). This can be attributed to 

the concave shape of the necking region that acts like a reservoir, holding extra 

polymer solution during the coating process. Importantly, the PEtOx layer on the 

surface of the porous iron scaffolds only marginally reduced the total porosity and 

preserved the high pore interconnectivity of the scaffolds (Table 4.1). 

The PEtOx-OH polymer has several functional groups, including ethyl -

CH2-CH3, carbonyl C=O (tertiary amide) and a terminal hydroxyl group (OH) 

(Figure 4.1). The small thickness of the coating meant that the overall intensities 

of the functional groups were decreased when measured on porous specimens. 

The valleys in the FTIR graph were, nevertheless, clearly visible, save for the 

diminished hydroxyl group, confirming the presence of the polymer on the iron 

surfaces (Figure 4.2h). The flattened hydroxyl valleys in the FTIR graph of the 

coated scaffold suggested that this moiety participated in the polymer interaction 

with the iron surface. Besides that, a slight shift and decreased signal of the C=O 

amide stretch band also implied that these amide groups took part in the 

interfacial bonding of the polymer to the iron surface [51]. From the FTIR peaks, 

some of the C=O amide and other functional groups (e.g., -CH2-CH3) were 

present on the PEtOx-coated iron scaffold surface. It is believed that these groups 

are responsible for the properties of the coating material. For example, the C=O 
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functional group is known for its hydrophilic behavior while the ethyl -CH2-CH3 

functional group behaves more hydrophobically. 

4.4.2 Biodegradation behavior  

In general, scaffolds with a higher porosity (or larger surface area) are 

expected to degrade faster. That said, the surface of an implanted porous iron-

based biomaterial will most likely be covered by the degradation products, 

passivating the material to some degree. Altering the surface chemistry of iron 

could be an effective approach to minimizing the adhesion of the corrosion 

products and facilitating continued biodegradation. Surface modification 

involving polymers has been reported in several studies and positive effects on 

the biodegradation behavior of iron-based biomaterials have been demonstrated 

[13,14]. 

The in vitro biodegradability of the PEtOx-coated iron (i.e., 0.13 mm/y at 

day 28) was found to be similar to that of cross-rolled pure iron [52], but higher 

than SLM porous iron with 59% porosity [53]. The PEtOx coating increased the 

in vitro biodegradation rate by 2.6 times relative to the non-coated scaffolds. The 

improvement is comparable to that of other porous irons with polymer coatings 

[22,23]. For example, porous iron coated with PLGA has been reported to exhibit 

a biodegradation rate (day 28) that is 2.3 times higher than that of bare porous 

iron [22]. In addition, the biodegradation rate of a porous iron foam with a 5-15 

wt% PEG coating has been found to be 1.4-2.3 times higher than that of a 

corresponding bare iron foam (day 28) [23].  

As a result of biodegradation, iron ions were released, which then interacted 

with the other ionic compounds present in the r-SBF medium and participated in 

the formation of the biodegradation products. The macro-scale morphology of 

the biodegradation products of the PEtOx-coated iron (Figure 4.4c) appeared to 

be similar to that of the dense products observed on the surface of the non-coated 

iron. At the micro-scale, however, the morphology of the degradation products 

formed on the surface of the PEtOx-coated iron scaffolds was clearly porous 

(Figure 4.4g-i), which is distinctly different from the products formed on the 

surface of the non-coated iron (as reported in our previous publication [12]). Such 

a porous morphology is believed to influence the biodegradation rate. From day 

14 to 28, the in vitro biodegradation rate of the PEtOx-coated iron reduced only 

by 17%. During the same period, the biodegradability of the non-coated 

specimens decreased by 43%.  

In addition to controlling the scaffold degradation rate, the PEtOx coating 

altered the chemistry of the iron-based biodegradation products too. The main 

phase of the PEtOx-coated iron biodegradation products was lepidocrocite. Such 

a phase has been observed on the biodegraded functionally graded porous iron 
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[53] as well, resulting from the chemical reactions described in [54]. 

Interestingly, no iron phosphate or iron oxide products were formed on the 

coated scaffolds, unlike the biodegradation products on the non-coated 

specimens (as reported elsewhere [12]). The Fe-based degradation products 

containing phosphate have been reported to prevent corrosion from occurring 

further [55]. In addition, based on the EDS analysis, the biodegradation products 

of the PEtOx-coated iron at 14 and 28 days of in vitro immersion in r-SBF 

contained a larger variety of elements than those present on the non-coated iron 

(as reported elsewhere [12]). The absence of phosphate-based degradation 

products and the enriched elements in the chemical compositions of the 

biodegradation products are likely the reasons for the reduced passivation of the 

PEtOx-coated iron. Moreover, Ca and P precipitates were present at all time 

points (Figure 4.4), which was not the case for the non-coated specimens. The 

precipitation of Ca/P elements correlated with the decreases in the 

concentrations of Ca2+ and PO4
3- in the r-SBF (Figure 4.3e-f). While Ca ions may 

be present both in Ca/P precipitates and in other compounds (e.g., calcium 

carbonates), we may still assume that all Ca is used for the formation of the Ca/P 

precipitates. This simplifying assumption allows us to determine the Ca/P ratio. 

On day 7, the Ca/P ratio varied between 0.58 and 2.24. On days 14 and 28, the 

range of the determined Ca/P ratios narrowed to 0.26-0.40 and 0.32-0.53, 

respectively. Although the Ca/P ratios found do not correspond to the 

stoichiometry of hydroxyapatite (i.e., Ca/P = 1.67), low Ca/P ratios (e.g., 0.5) are 

reported to be beneficial for osteoblast viability, collagen synthesis, and alkaline 

phosphatase activity [56]. 

The biodegradation of polymers is known to create an acidic environment. 

For example, 7-day biodegradation of iron coated with PLGA resulted in a 

reduced pH value of 6.87 [22]. However, such a phenomenon was not observed 

in our study. The stable pH values around 7.70 during the biodegradation tests 

were in line with the expected stability of the polymer. From these, we can infer 

that the hydrolysis of the PEtOx polymer did not occur at all or at least to an extent 

that would affect the local and bulk pH. PAOx have been reported to be non-

biodegradable [32] and to exhibit high stability in water [57], while being 

susceptible to oxidative degradation in the presence of hydrogen peroxide and 

transition metal ions that act as catalysts [58]. To the best of our knowledge, 

however, the degradation of PEtOx due to the presence of iron ions in a 

physiologically relevant environment has not been reported before. It is only 

known that the degradation of PEtOx is much slower in a Fe/H2O2 environment 

than in a Cu/H2O2 environment [59]. Interestingly, the chemical characteristics 

of PEtOx (i.e., the N element present in the PEtOx backbone) could still be 

detected at several spots beneath the peripheral biodegradation products on the 
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PEtOx-coated iron scaffolds after 28 days of biodegradation (Figure 4.5). This 

finding is consistent with the observation that the pH remained relatively stable 

throughout the immersion period. In addition, we examined the surface 

characteristics and chemical composition of the PEtOx thin film after 7 days of 

immersion in the r-SBF medium (Figure S4.4, Table S4.1). After exposure, the 

wt% value of the N element in the film was similar to the value prior to immersion. 

It confirmed the non-biodegradability of the polymer and indicated that the 

PEtOx polymer did not elute to the r-SBF medium. Moreover, the surface of the 

polymer film contained the Na, Cl, and K elements after immersion, clearly 

showing that diffusion of ionic compounds occurred in the polymer matrix. The 

absence of  Ca/P-based compounds implied that the precipitation only occurred 

due to the biodegradation of iron. However, no clear interface between PEtOx and 

iron was observed on the cross section, likely because the thin polymer layer is 

not strong enough to survive the cutting and polishing processes of the 

biodegraded specimens. Even if the coating loses its integrity during the 

biodegradation process, its remnants may still assist the biodegradation of iron.  

The electrochemical measurements of the PEtOx-coated iron demonstrated 

a relatively stable OCP trend over the 28 days of immersion (Figure 4.6a), which 

was in contrast to the OCP trend of the non-coated iron. Over the immersion 

period, the Rp values obtained from LPR measurements of the PEtOx-coated iron 

scaffolds marginally increased but remained much lower than those of the non-

coated pure iron (Figure 4.6b). These electrochemical characteristics indicate 

that the stable PEtOx coating allows the corrosion of the porous iron to proceed 

further. Unlike other types of coatings, e.g., those made of bioceramics [15–17], 

the effect of the PEtOx coating on the porous morphology of the biodegradation 

products (Figure 4.4g-i) led to the reduced Rp values, thus enabling the sustained 

biodegradability of iron over time. The Nyquist plots of the coated iron specimens 

exhibited a single semicircle initially and then an extra time constant arc pattern 

at later times of exposure (Figure 4.6c-e). As comparison, the Bode and Nyquist 

impedance of the non-coated iron specimens have been reported elsewhere [12]. 

Initially, the Nyquist semicircle arc of the PEtOx-coated iron (at day 2) had a 

much larger diameter than that of the non-coated iron. The larger Nyquist arc 

diameter indicates a higher polarization resistance value, which can be due to the 

presence of the PEtOx coating. This evidence is supported by the higher Rp value 

of the PEtOx-coated iron scaffolds during the first 2 days of immersion (Figure 

4.6a-b). The occurrence of an extra time constant in the Nyquist plot indicates 

active and diffusive biodegradation mechanisms occurring simultaneously with 

time [60]. The Nyquist impedance in the low frequency region (at 0.2 to 0.05 Hz) 

demonstrated a Warburg diffusion characteristics [61,62], indicated by the angle 

of the extrapolation line very close to 45° at all time points (Figure 4.6c-e). The 
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Warburg characteristic strongly suggests the biodegradation mechanism of the 

PEtOx-coated iron occurred by ion diffusion through the coating layer [62]. At 

the later time points, the Warburg effect was maintained due to the porous 

morphology of the biodegradation products of the coated scaffolds. Moreover, 

The Nyquist arcs of the PEtOx-coated iron scaffolds (from day 7 to day 28) had a 

similar diameter to the Nyquist arc of the non-coated iron on day 14, but were 

much smaller than the Nyquist arc of the non-coated iron on day 28. The Bode 

impedance modulus values of the PEtOx-coated iron scaffolds at 0.01 Hz 

displayed a similar trend to that of the Rp values, which were much lower, as 

compared to the values reported for the non-coated iron after 28 days of 

immersion. Altogether, the SEM and EDS analyses of the degradation products, 

the longevity of the coating layer, and the electrochemical responses indicate that 

the PEtOx coating promoted the biodegradation of iron largely via a diffusion 

mechanism through the polymer layer. The morphology and chemistry of the 

iron-based biodegradation products were altered due to the coating, thus 

inhibiting the biodegradation process to a lesser extent than the corresponding 

bare specimens. The exact mechanism operating during immersion in r-SBF still 

needs to be studied. 

4.4.3 Mechanical properties  

The strength and stiffness of biodegradable implants tend to reduce as the 

biodegradation progresses. The PEtOx-coated iron possessed bone-mimicking 

mechanical properties that fall into the range of the mechanical properties of 

cancellous bone (E = 0.02–2.0 GPa and σy = 0.1–30 MPa [47]). These properties 

were maintained even after 28 days of in vitro biodegradation (Figure 4.7). The 

PEtOx coating layer did not significantly influence the yield strength and elastic 

modulus of the as-sintered specimens (Figure 4.7b). During mechanical testing, 

the mechanical load was transferred across the iron scaffold as well as the 

interface between the iron and PEtOx coating layer. The PEtOx polymer itself and 

the modified geometrical parameter (i.e., the increased strut thickness and 

decreased porosity, Table 4.1) did not have any remarkable strengthening effect, 

which was ascribed to the small thickness of the coating layer and the amorphous 

and brittle nature of PEtOx [46].  

As the biodegradation process progressed, the solid fraction of the scaffolds 

decreased, reducing the overall mechanical properties of the scaffolds. By day 28, 

the yield strength and elastic modulus of the PEtOx-coated iron scaffolds had 

decreased by 13.8% and 11.3%, respectively (Figure 4.7b-c). In comparison, the 

mechanical integrity of biodegraded iron foams coated with PEG is reported to 

have been deteriorated after 6 weeks of in vitro biodegradation, although the 

biodegradation rate (i.e., 0.04 to 0.06 mm/y) was lower than that of our PEtOx-
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coated iron scaffolds [63]. In the current study, however, the PEtOx-coated iron 

scaffolds maintained their structural integrity and a ductility > 30% even after 28 

days of in vitro biodegradation, suggesting that the coating did not adversely 

affect the biodegradation mechanism (e.g., no severe localized corrosion attack). 

Such a ductile behavior is expected to improve the resistance of the specimens 

against fatigue failure [64]. 

4.4.4 Cytocompatibility  

The cytocompatibility of biodegradable metals strongly depends on the 

concentrations of the released metallic ions and the precipitated biodegradation 

products. The preosteoblasts cultured in the PEtOx-coated iron extracts 

(prepared from 72 h incubation) exhibited a very low metabolic activity (Figure 

4.8a). It has been reported that 53.2 to 88.5 mg/L of iron ion concentrations 

inhibit the preosteoblasts growth by 50% [65]. The iron ion concentration of the 

100% PEtOx-coated iron extract was much higher than these values. The 

cytocompatibility level was, therefore, rank 4 (the lowest according to ISO 10993-

5 [66]). A high iron ion concentration induces the formation of more reactive 

oxygen species, which causes oxidative stress on cells and tissue [67]. When the 

extracts were diluted to 50% or a lower concentration, the preosteoblasts became 

metabolically active (80% or higher), indicating a very mild cytotoxic response 

(rank 1) [66]. 

In the direct cell culture assays, the PEtOx coating significantly enhanced 

the viability and growth of the cells, as revealed by the live/dead assay, SEM 

imaging of cell morphology and the cell counts at various culture times (Figure 

4.8b-j). These findings indicate that the coating supported the early response of 

preosteoblast cells with possible positive effects on the late cellular functions. 

When a polymer-coated iron scaffold is introduced to a protein-containing 

medium, the adsorption of proteins on the scaffold surface may occur, as 

observed in the case of PEI-coated iron in an albumin-containing medium [68]. 

Protein adsorption on surfaces creates a conditioned provisional layer favorable 

for cell attachment and has been reported to stimulate osteoblast adhesion 

[69,70]. At the same time, the released iron ions may interact with the proteins 

in the medium [71,72], preventing the precipitation of iron-based degradation 

products and thereby maintaining a supportive interface for both cell response 

and biodegradation rate. Our short-term cytocompatibility results are similar to 

those available in the literature on polymer-coated iron scaffolds, including 

preosteoblasts MC3T3-E1 cultured on PLA-coated iron [19], human skin 

fibroblasts cultured on PLGA-coated iron [22], human dermal fibroblasts 

cultured on PEG-coated iron [73], and bone marrow stromal cells cultured on 

collagen-coated Fe30Mn [74]. To the best knowledge of the authors, in vivo study 
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on the PEtOx polymer intended specifically for bone tissue regeneration has not 

yet been reported. Various POx-based polymers have however been studied in 

vivo with promising results [30], e.g., for intraocular [75] or macromolecular 

antioxidant therapy [76] applications. The in vitro biological experiments 

performed in this research should be first extended further to assess the 

osteogenic potential of the coated scaffolds by investigating cell differentiation, 

extracellular matrix formation and mineralization, followed by additional assays 

to better understand the long-term performance of the developed biomaterials 

and then in vivo studies. Moreover, the addition of bioactive elements to iron-

based biomaterials [77–79] is another suggested avenue for further research. 

Such additions could yield further improvements in the long-term 

biocompatibility of such biomaterials and may be used with or without 

biofunctional coatings. 

4.5 Conclusion 

We developed extrusion-based 3D printed porous iron scaffolds 

biofunctionalized with PEtOx polymer coatings and demonstrated their superior 

performance including an enhanced rate of biodegradation, bone-mimicking 

mechanical properties, and significantly enhanced cell viability. These properties 

underscore the potential of the developed biomaterials for application as bone 

substitutes. In summary, the PEtOx coating promoted the biodegradation of iron 

largely via a diffusion mechanism through the polymer layer. The coating also 

altered the morphology and chemistry of the iron-based biodegradation products, 

i.e., making them porous, and prevented phosphate-based products from 

forming. The in vitro biodegradation rate of the PEtOx-coated iron scaffolds 

increased by 2.6 times, as compared to their non-coated counterparts, while 

improving cell viability and growth simultaneously. In addition, the PEtOx-

coated iron maintained its bone-mimicking mechanical properties throughout 

the 28 days of the in vitro biodegradation experiments. Additional (in vivo) 

experiments are required for further evaluation of the developed biomaterials 

prior to clinical adoption. 

  



Poly(2-ethyl-2-oxazoline) coating on biodegradable porous Fe             91 

 

 

 

4.6 Supplementary material  

 

 

Figure S4.1. XRD pattern of the PEtOx-coated iron scaffolds. 

 

 

 

Figure S4.2. 1H-NMR graph of CH3-PEtOx100-OH in CDCl3. 
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Figure S4.3. Size exclusion chromatogram (SEC, left) and the molar mass distribution calculated 

against poly(2-ethyl-2-oxazoline) standards: Mw = 10,410; Mn = 9,745; Ð = 1.068 (right). 

 

 

 

Figure S4.4. Surface morphologies of the PEtOx thin film (a) before and (b) after exposure to r-SBF 

for 7 days. The square mark with number indicates the location of EDS analysis, whose results are 

reported in Table S1. 

 

Table S4.1. Chemical compositions of the PEtOx thin film after exposure to r-SBF for 7 days, 

determined by EDS analysis. 

EDS 
point 

C N O Na Cl K 

1 63.93 3.53 32.53 - - - 

2 65.09 3.67 31.24    

3 58.40 3.66 24.03 6.08 1.25 6.58 

4 59.23 3.87 22.46 6.18 1.51 6.75 
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5 
Ex situ-alloy highly biodegradable  

MRI-friendly porous Fe-Mn 

 

Additively manufactured biodegradable porous iron has been only very 

recently demonstrated. Two major limitations of such a biomaterial are very low 

biodegradability and incompatibility with magnetic resonance imaging (MRI). 

Here, we present a novel biomaterial that resolves both of those limitations. We 

used extrusion-based 3D printing to fabricate ex situ-alloyed biodegradable iron-

manganese scaffolds that are non-ferromagnetic and exhibit enhanced rates of 

biodegradation. We developed ink formulations containing iron and 25, 30, or 35 

wt% manganese powders, and debinding and sintering process to achieve Fe-Mn 

scaffolds with 69% porosity. The Fe25Mn scaffolds had the ε-martensite and γ-

austenite phases, while the Fe30Mn and Fe35Mn scaffolds had only the γ-

austenite phase. All iron-manganese alloys exhibited weakly paramagnetic 

behavior, confirming their potential to be used as MRI-friendly bone substitutes. 

The in vitro biodegradation rates of the scaffolds were very much enhanced (i.e., 

4.0 to 4.6 times higher than that of porous iron), with the Fe35Mn alloy exhibiting 

the highest rate of biodegradation (i.e., 0.23 mm/y). While the elastic moduli and 

yield strengths of the scaffolds decreased over 28 days of in vitro biodegradation, 

those values remained in the range of cancellous bone. The culture of 

preosteoblasts on the porous iron-manganese scaffolds revealed that cells could 

develop filopodia on the scaffolds, but their viability was reduced by the effect of 

biodegradation. Altogether, this research marks a major breakthrough and 

demonstrates the great prospects of multi-material extrusion-based 3D printing 

to further address the remaining issues of porous iron-based materials.  
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5.1 Introduction 

Iron is one of the promising biodegradable metals. Unlike magnesium, it has 

excellent processability [1,2] and its rate of biodegradation is slow enough to 

provide continued mechanical support while the bone regeneration process 

progresses. However, the in vivo biodegradability of iron is so low that it may 

elicit immunogenic responses similar to bio-inert materials [3]. In addition, iron 

is ferromagnetic by nature, which complicates the imaging procedure for the 

patients who are exposed to a strong magnetic field, typically in magnetic 

resonance imaging (MRI) [4]. To address both fundamental issues of iron, 

alloying of iron with manganese has been proposed [5]. The addition of 28 wt% 

or more manganese to iron promotes austenicity, making the alloy anti-

ferromagnetic and, thus, MRI-friendly [6]. Furthermore, manganese has a lower 

standard electrode potential than iron (i.e., -1.18 V versus -0.44 V). Because iron 

and manganese form solid solution, the standard electrode potential of the alloy 

tends to decrease with increasing manganese content, thus allowing for faster 

biodegradation [7]. As for the biocompatibility, despite naturally occurring in the 

human body, iron and manganese at high doses can be toxic [8,9]. Considering 

all these factors is of great importance in the design of iron-manganese alloys 

intended for bone substitution. 

For bone substitution, the geometrical design of Fe-Mn alloy scaffolds needs 

to imitate the hierarchical structure of native bone as well as its mechanical 

properties. A rationally designed and precisely manufactured porous structure is 

one of the key geometrical features [10,11]. The porosity, pore shape, and pore 

sizes will not only influence the mechanical properties, but also determine (to a 

large extent) the biodegradation kinetics and biofunctionality of the resulting 

biomaterial [12–16]. In realizing complex geometrical designs, iron-manganese 

alloys have been fabricated with a variety of techniques, such as casting [17–19],  

powder metallurgy [20–22], space holder method [12–14,23], and sponge 

impregnation [24]. However, these techniques are restricted to achieving non-

conforming porous structures without precisely controlled pore characteristics 

and limited pore interconnectivity. Recent advances in 3D printing technologies 

have removed the restrictions and presented an unprecedented opportunity to 

fabricate geometrically ordered bone-substituting materials of almost any 

structural design [16,25].  

In recent years, porous iron-manganese alloy structures have been 3D 

printed with binder jetting [26,27] and selective laser melting [28–30]. As 

compared to those techniques, extrusion-based 3D printing followed by 

debinding and sintering offers a more robust and versatile approach to the ex situ 

alloying of Fe and Mn and the fabrication of porous multi-material scaffolds that 
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are otherwise highly demanding for the other 3D printing techniques [31–33]. To 

date, no study on extrusion-based 3D printed porous iron-manganese scaffolds 

has appeared in the literature. Here, we report, for the first time, the successful 

fabrication of ex situ-alloyed porous iron with 25, 30, or 35 wt% manganese using 

extrusion-based 3D printing. We also performed comprehensive characterization 

of the porous materials, including in vitro biodegradation behavior, 

electrochemical responses, and biodegradation-dependent mechanical 

properties, as well as in vitro cytocompatibility assessment using the MC3T3-E1 

cell line. 

5.2 Materials and methods 

5.2.1 Powder mixture and ink preparation 

Iron powder (99.88 wt% purity; spherical morphology; particle size 

distribution: D10 = 25.85 µm, D50 = 39.93 µm and D90 = 53.73 µm, Figure 5.1a) 

and manganese powder (99.86 wt% purity; irregular morphology; particle size 

distribution: D10 = 7.69 µm, D50 = 20.89 µm and D90 = 41.58 µm, Figure 5.1b) 

were used as the starting materials for the preparation of iron-manganese-

containing inks. Both powders were purchased from Material Technology 

Innovations Co. Ltd., China. Iron-manganese powder mixtures (with 25, 30, and 

35 wt% manganese, hereafter denoted as Fe25Mn, Fe30Mn, and Fe35Mn, 

respectively) were prepared using a roller mixer (CAT Zipperer GmbH, Germany) 

at 80 rpm for 18 h. As for the binder preparation, hydroxypropyl methylcellulose 

(hypromellose) powder (Mw ~86 kDa, Sigma Aldrich, Germany) was dissolved in 

a water-ethanol solution with a 5 wt% concentration [34]. The addition of ethanol 

to the solvent was intended to minimize the reactivity of the binder with the 

manganese powder. Then, the mixed iron-manganese powders were blended with 

the hypromellose binder to prepare 3D printable iron-manganese-containing 

inks at a mass ratio of 7:1 [34]. The mixed powder mass ratios in the inks 

corresponded to the volume ratios of 49.6% for Fe25Mn, 49.7% for Fe30Mn, and 

49.8% for Fe35Mn. The ink density was calculated from the volume fractions of 

the iron-manganese powder and the binder and their theoretical densities. In 

addition, the rheological behaviors of the inks were studied using an MCR302 

rheometer (Anton Paar GmbH, Germany). 

5.2.2 Extrusion-based 3D printing, debinding and sintering 

Porous iron-manganese scaffolds (10 mm in diameter and 10.5 mm in 

height) were designed as a lay-down pattern and 3D printed following the 

characteristics described in Chapter 3, section 3.2.1 (Figure 5.1c). The iron-

manganese-containing inks were extruded at a printing speed of 3.5 mm/s and 
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under pressures of 280 kPa, 290 kPa, and 300 kPa for the Fe25Mn, Fe30Mn, and 

Fe35Mn inks, respectively.  

The as-printed iron-manganese scaffolds were placed inside a tube furnace 

(STF16/180, Carbolite Gero Ltd., UK) under highly pure argon flow (purity = 

99.9999%; inlet pressure = 1 bar). Debinding and sintering were respectively 

performed at 350 °C for 3 h and at 1200 °C for 6 h, followed by natural cooling in 

the furnace. The as-sintered porous iron-manganese scaffolds were ultrasonically 

cleaned in isopropyl alcohol for 15 min prior to subsequent investigations. The 

exact compositions of the porous iron-manganese alloys after sintering were 

determined by using an inductively coupled plasma optical emission 

spectroscope (ICP-OES, iCAP 6500 Duo, Thermo Scientific, USA). 

 

 

Figure 5.1. Morphologies of (a) iron and (b) manganese powders, and (c) a schematic illustration of 

extrusion-based 3D printing and the design of porous iron-manganese scaffolds in a lay-down pattern 

of 0° and 90°. 

 

5.2.3 Macro- and microstructural characterization 

The dimensions of the porous iron-manganese alloy scaffolds were 

measured to determine the dimensional changes occurring during sintering. The 

porous structures of the iron-manganese alloy scaffolds were observed using a 

scanning electron microscope (SEM, JEOL JSM-IT100, Japan) and their 

morphological characteristics (i.e., strut width and strut spacing) were 

determined. The absolute porosities were calculated based on the dry weighing 

method, as described in Chapter 3, with Equations (3.2) and (3.3), where the ρink 

is the density of the iron-manganese-containing ink (i.e., 4.36 g/cm3 for Fe25Mn, 

4.35 g/cm3 for Fe30Mn, and 4.34 g/cm3 for Fe35Mn), and ρFe-Mn is the theoretical 

density of the iron-manganese alloy (i.e., 7.70 g/cm3 for Fe25Mn, 7.66 g/cm3 for 

Fe30Mn, and 7.63 g/cm3 for Fe35Mn). The interconnected porosity of the iron-

manganese alloy scaffolds was determined using the Archimedes’ principle and 

according to the ASTM standard B963-13 [35] and as described in Chapter 3, 

Equation (3.4). 

In addition, the cross sections of the as-sintered porous iron-manganese 

alloy struts were observed using the SEM and the elemental compositions were 
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mapped using X-ray energy dispersive spectroscopy (EDS, JEOL JSM-IT100, 

Japan). The regions of interest on the cross sections of struts were defined and 

the pore area was selected using ImageJ (NIH, USA). The solid fraction of strut 

was calculated with Equation (3.1). 

5.2.4 Phase identification 

The phases in the porous iron-manganese alloys were identified using an X-

ray diffractometer (XRD, D8 Advance, Bruker, USA) with the parameters 

described in Chapter 4, section 4.2.4. The resulting XRD patterns were analyzed 

with the Diffrac Suite.EVA v5.2 software. 

5.2.5 In vitro immersion and biodegradation product characterization 

In vitro immersion tests of the porous iron-manganese specimens were 

performed using a revised simulated body fluid (r-SBF) [36] for 1, 2, 7, 14 and 28 

d (in triplicate for every time point) under the conditions, as described in Chapter 

3, section 3.2.4. A 6.7 mL medium per 1 cm2 scaffold surface area was used [37]. 

The pH values of the medium were recorded using a pH electrode (InLab Expert 

Pro-ISM, METTLER TOLEDO, Switzerland). To determine the mass loss, the in 

vitro biodegradation products on the porous iron-manganese alloy specimens 

were dissolved according to the ASTM standard G1-03 [38], as described in 

Chapter 3, section 3.2.4. The remaining iron-manganese material was weighed 

and the average corrosion rate was determined according to the ASTM standard 

G31-72 [39], with Equation (3.5). 

Following uninterrupted immersion until the selected time points (i.e., 1, 2, 

7, 14, and 28 d), the morphological characteristics of the biodegradation products 

on the periphery and in the center of the porous iron-manganese alloys were 

observed using SEM (JEOL JSM-IT100, Japan) and the chemical elements in the 

biodegradation product compounds were identified using EDS (JEOL JSM-

IT100, Japan). The solid fraction of the remaining iron-manganese material after 

uninterrupted immersion for 28 d was calculated using ImageJ (NIH, USA) and 

Equation (3.1). The phases of the biodegradation products after 28 d immersion 

were analyzed using XRD (D8 Advance, Bruker, USA). Furthermore, the soluble 

iron, manganese, calcium, and phosphate ion concentrations in r-SBF were 

measured using ICP-OES (iCAP 6500 Duo, Thermo Scientific, USA). 

5.2.6 Magnetic susceptibility evaluation 

Porous iron-manganese specimens (with an average mass of 39.7 ± 4 mg, in 

triplicate, before and after in vitro immersion for 28 d) were exposed to an 

applied magnetic field of 2 T at room temperature in a vibrating sample 

magnetometer chamber (VSM 7307, Lake Shore, USA). Porous Ti-6Al-4V 

samples were added to the tests as the control group. The magnetic hysteresis 
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loops obtained were analyzed to determine the saturation magnetization, 

remanence magnetization, and magnetic susceptibility values.  

5.2.7 Electrochemical measurements 

The electrochemical responses of the porous iron-manganese alloys were 

investigated using a three-electrode setup connected to a Bio-Logic SP-200 

potentiostat (Bio-Logic Science Instruments, France). The electrochemical 

system consisted of a Ag/AgCl electrode as the reference electrode, a graphite rod 

as the counter electrode, and the iron-manganese alloy specimen as the working 

electrode. The specimens were prepared through partial embedding in a 

thermoplastic acrylic resin, followed by ultrasonic cleaning in isopropyl alcohol 

and thorough drying. Subsequently, the specimens were immersed in the r-SBF 

medium (temperature = 37 ± 0.5 °C; pH = 7.40). The exposed surface area of the 

specimens was calculated, based on the initial design value of the scaffold. The 

electrochemical measurements of open circuit potential (OCP), linear 

polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS) 

were conducted, following the parameters as described in detail in Chapter 3, 

section 3.2.6. 

5.2.8 Uniaxial compression tests 

The compressive mechanical properties of the porous iron-manganese 

specimens, including the specimens retracted at the selected time points of the in 

vitro immersion test, were evaluated using a mechanical testing machine (Zwick 

Z100, Germany) with a 100 kN load cell. The tests were displacement-controlled 

and were performed according to the ISO standard 13314:2011 [40]. The elastic 

modulus  and yield strength were determined as described in Chapter 3, section 

3.2.7. The plastic deformation curves up to a strain of 0.1 mm/mm were fitted to 

Equation (5.1) to quantify the initial strain-hardening exponent value of the 

porous iron-manganese specimens. 

𝜎 = 𝐾𝜀𝑛 (5.1) 

where σ is stress [MPa], K is the strength coefficient, ε is strain [mm/mm], and n 

is the strain-hardening exponent. 

5.2.9 Cytocompatibility evaluation 

Cell culture and preparation of iron-manganese alloy extracts 

Mouse preosteoblast cells (MC3T3-E1, Sigma Aldrich, Germany) were pre-

cultured for 7 d in a cell incubator following the conditions, as described in 

Chapter 3, section 3.2.8. The cell culture medium was made of α-minimum 

essential medium (α-MEM,) without ascorbic acid, but supplemented with 10% 
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fetal bovine serum (FBS) and 1% penicillin/streptomycin (p/s). All the cell culture 

medium components were purchased from Thermo Fisher Scientific, USA. 

Extracts were obtained after 72 h incubation of sterilized porous iron-

manganese specimens (10.15 mm in diameter and 10.55 mm in height) in the cell 

culture medium [41], as described in Chapter 3, section 3.2.8. The concentrations 

of iron and manganese ions in the 100% extract were measured using ICP-OES 

(iCAP 6500 Duo, Thermo Scientific, USA). 

Indirect assays: PrestoBlue and F-actin/nucleus staining 

The preosteoblasts (1 × 104 cells) were cultured with 200 µL iron-manganese 

alloy extracts in 48-well plates (in triplicate) for 1, 3, and 7 d. The metabolic 

activity of preosteoblasts cultured in the iron-manganese alloy extracts was 

evaluated using the PrestoBlue assay (Thermo Fisher Scientific, USA) as 

described in Chapter 3, section 3.2.8, and Equation (3.7). The F-actin and nucleus 

of the preosteoblasts, after being exposed to the iron-manganese alloy extracts 

for 3 d, were stained using rhodamine phalloidin (Thermo Fisher Scientific, USA) 

and 4′,6-diamidino-2-phenylindole (DAPI, Life Technologies, USA), following 

the procedure described in Chapter 3, section 3.2.8. The morphology of the F-

actins and nuclei was observed using a fluorescence microscope (ZOE cell imager, 

Bio-Rad, USA).  

Direct assays: Viable cell count and live/dead staining 

The MC3T3-E1 preosteoblasts (5 × 104 cells per sample) were seeded into 

the porous iron-manganese specimens (1.3 mm in height and 10.15 mm in 

diameter) and were cultured for 1, 4, 7, 14, and 28 d in 6-well plates containing 

8 mL of the cell culture medium. Porous pure iron specimens were included as 

the control group. After cell culture, the viable preosteoblasts were counted using 

the Trypan blue assay (Bio-Rad, USA) with an automated cell counter (TC20, Bio-

Rad, USA), as described in Chapter 3, section 3.2.8. The morphology of the 

preosteoblasts after 4 d of culture with the porous iron-manganese specimens 

was observed using calcein and ethidium homodimer-1 staining (Thermo Fisher 

Scientific, USA) and SEM imaging. In addition, the porous iron-manganese 

specimens immersed in the cell culture medium (in the incubator) for 7 and 28 d 

were investigated to observe the strut morphology and identify the 

biodegradation products that could have affected the cytocompatibility. 

5.2.10 Statistical analysis 

The statistical analysis of the PrestoBlue and viable cell count results was 

performed with two-way ANOVA, followed by a Tukey multiple comparison post 

hoc test (**** = p< 0.0001, *** = p< 0.001, ** = p< 0.01, and * = p< 0.05, n.s. 

= not significant). 
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5.3 Results 

5.3.1 Characteristics of the porous iron-manganese alloys 

The extrusion-based 3D printed porous iron-manganese scaffolds, i.e., 

Fe35Mn (Figure 5.2), Fe30Mn (Figure S5.1), and Fe25Mn (Figure S5.2) exhibited 

very similar geometric characteristics to the original scaffold design of the 0° and 

90° pattern (Figure 5.2a). The optimum mixed powder loading and the shear-

thinning behavior of the iron-manganese-containing ink (Figure S5.3) allowed a 

smooth 3D printing process to create the scaffolds with a high aspect ratio and 

free-standing feature. Furthermore, iron and manganese particles from the 

elemental powders were homogenously distributed in the struts (Figure 5.2a-c). 

After sintering, the porous iron-manganese alloy scaffolds (Figure 5.2d, 

S5.1-5.2) slightly expanded in size (i.e., a 0.3 to 0.5% increase in diameter and a 

1.4 to 1.6% increase in height). On the periphery, spherical powder particles fused 

and were occasionally bridged by irregularly shaped powder particles (Figure 

5.2e-f, S5.1, S5.2). The specific configuration of powder particle bonding resulted 

in micro-porosity inside the struts, with solid fractions equal to 67 ± 2%, 64 ± 3%, 

and 63 ± 2% for the Fe25Mn, Fe30Mn, and Fe35Mn scaffolds, respectively. From 

the cross sectional EDS analysis, manganese completely diffused into the iron 

matrix (Figure 5.2g, S5.1, S5.2), confirming the occurrence of alloying during the 

sintering process and the successful synthesis of the materials. 

 

Table 5.1. Structural characteristics of the extrusion-based 3D printed porous iron-manganese 

scaffolds. 

Sample groups 

Strut 

width 

(µm) 

Strut 

spacing 

(µm) 

Absolute 

porosity (%) 

Interconnected 

porosity (%) 

Fe25Mn 

As-printed 410 ± 6 400 ± 6 43 ± 5 - 

As-sintered 411 ± 6 398 ± 6 69 ± 2 67 ± 1 

Fe30Mn 

As-printed 409 ± 5 401 ± 5 44 ± 4 - 

As-sintered 412 ± 7 398 ± 7 69 ± 2 67 ± 1 

Fe35Mn 

As-printed 409 ± 5 402 ± 6 43 ± 2 - 

As-sintered 412 ± 6 398 ± 5 69 ± 1 68 ± 1 
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Figure 5.2. Morphologies of porous Fe35Mn: (a, b, c) in the as-printed condition and (d, e, f) in the 

as-sintered condition at different magnifications, and (g) EDS mapping on the cross section of porous 

iron-manganese struts. 

 

 

Table 5.2. Chemical compositions of the as-sintered porous iron-manganese alloys. 

As-sintered sample Fe (wt%) Mn (wt%) Impurities 

Fe25Mn 74.94 ± 0.14 24.87 ± 0.16 0.19 ± 0.02 

Fe30Mn 70.05 ± 0.05 29.72 ± 0.02 0.23 ± 0.03 

Fe35Mn 65.31 ± 0.11 34.51 ± 0.07 0.18 ± 0.06 

 

The as-sintered iron-manganese alloys had an average absolute porosity of 

69% and a pore interconnectivity up to 98.6%. The detailed structural 

characteristics of the as-printed and as-sintered porous iron-manganese scaffolds 

are presented in Table 5.1. As a result of the complete diffusion of manganese into 

iron (Figure 5.2g), the porous Fe25Mn alloy had the dual ε-martensite and γ-

austenite phases, whereas the porous Fe30Mn and Fe35Mn alloys had only the 

γ-austenite phase (Figure 5.3a). In addition, a very small amount (< 2 wt%) of 

manganese oxide was detected in the scaffolds, which was actually present in the 

initial manganese powder before ink preparation. The chemical compositions of 
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the as-sintered porous iron-manganese alloys slightly deviated from the design 

values (Table 5.2). 

 

 

Figure 5.3. Phase compositions of (a) the porous iron-manganese scaffolds in the as-debinded and 

as-sintered conditions and (b) after 28 d of in vitro biodegradation. 

 

 

Figure 5.4. Magnetization curves of (a) the porous iron-manganese alloys (as-built and after 28 d of 

in vitro biodegradation) and (b) porous Ti-6Al-4V. 

 

5.3.2 Magnetic properties 

In the applied magnetic field of 2 T, all the porous iron-manganese alloys 

exhibited very low saturation magnetization values (i.e., 0.35 Am2/kg for 

Fe25Mn, 0.32 Am2/kg for Fe30Mn, and Fe35Mn), which were quite close to the 

magnetization value of Ti-6Al-4V (Figure 5.4). After 28 d of immersion in r-SBF, 
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the magnetization increased up to 0.58 Am2/kg, but the values were still at a 

relatively low level. The slight increase in magnetization could be due to the 

ferrimagnetic behavior of the residual biodegradation products (e.g., iron or 

manganese oxides) that remained on the struts even after the ultrasonic cleaning 

step. Furthermore, the magnetic susceptibility of all the porous iron-manganese 

alloys did not significantly change (χ = 3.0–4.4 ×10-3) even after 28 d of 

immersion.  

 

 
Figure 5.5. In vitro biodegradation characteristics of the porous iron-manganese alloys: (a) visual 

inspection of the scaffolds at different time points of biodegradation, (b) variations of pH values of 

the immersion medium with time, (c) mass losses with time, (d) corrosion rates with time, and the 

concentrations of (e) iron and (f) manganese ions released during biodegradation. 
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5.3.3 In vitro biodegradation performance 

During the static in vitro immersion tests, yellow-brownish corrosion 

products were deposited on the porous iron-manganese alloy strut surfaces 

(Figure 5.5a). The immersion tests in a cell incubator provided a precisely 

controlled 5% CO2 atmosphere. The pH level of the r-SBF medium was 

maintained between 7.61–7.63 throughout the 28 d of the immersion test (Figure 

5.5b). The average mass loss due to biodegradation was larger for the alloy with a 

higher manganese content (Figure 5.5c). At the beginning of the immersion test, 

(i.e., after 1 d), the in vitro biodegradation rates of the porous iron-manganese 

specimens were 3.37 ± 0.19 mm/y, 3.76 ± 0.16 mm/y, and 4.53 ± 0.28 mm/y for 

Fe25Mn, Fe30Mn, and Fe35Mn, respectively (Figure 5.5d). After 28 d of 

immersion, however, the biodegradation rates decreased to 0.18 mm/y, 0.20 

mm/y, and 0.23 mm/y (± 0.01), respectively (Figure 5.5d). 

During in vitro biodegradation, iron and manganese ions were gradually 

released to the r-SBF medium (Figure 5.5e-f). The ion release reached a peak after 

14 d of immersion, and then decreased. The iron ion concentrations were 

relatively low from the all scaffold groups (i.e., approximately 1 ppm at 14 d) 

(Figure 5.5e). Meanwhile, the manganese ion concentrations reached 9.5–

12.7 ppm at the same time point (Figure 5.5f). The amount of manganese ion 

release from the alloy with a higher manganese content was larger. As the 

biodegradation continued to day 28, the base material (i.e., the iron-manganese 

alloy) was progressively consumed, accompanied by the decreases in the solid 

fraction to 42 ± 8% (Fe25Mn), 39 ± 3% (Fe30Mn), and 31 ± 9% (Fe35Mn).  

5.3.4 Characteristics of the biodegradation products 

A dense layer of biodegradation products was formed on the struts after 24 h 

of immersion (Figure 5.6a). The biodegradation products grew with time and 

almost filled the macropores of the scaffolds at day 28 (Figure 5.6b-d). Similar 

observations were made for the porous Fe30Mn (Figure S5.4) and Fe25Mn 

(Figure S5.5) scaffolds. In addition, the peripheral biodegradation products were 

identified to be iron oxyhydroxide (γ-FeOOH) and rhodochrosite (MnCO3) 

(Figure 5.3b). Correspondingly, the major elements present in the peripheral 

biodegradation products were found to be iron, manganese, oxygen, and carbon 

(Figure 5.6e-j). 

After 24 h immersion, the biodegradation products at the periphery of the 

porous Fe35Mn scaffolds transformed from a mixture of iron- and manganese-

based compounds (Figure 5.6e, h) to those with a higher concentration of 

manganese at day 7 (Figure 5.6f, i), and finally changed to iron-based compounds 

at day 28 (Figure 5.6g, j). During the 28 d of immersion, the biodegradation 

products at the periphery of the Fe30Mn scaffold specimens (Figure S5.4) 
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evolved in a similar manner to those on the porous Fe35Mn scaffold specimens. 

However, the biodegradation products on the periphery of the Fe25Mn scaffold 

specimens were predominantly made of iron-based compounds after 24 h of 

immersion. Afterwards, the compounds transformed to manganese-based 

compounds after 7 d and back to iron-based compounds after 28 d (Figure S5.5). 

At the center of the scaffolds with pore networks, the 28 d biodegradation 

products were predominantly carbon- and oxygen-based compounds (Figure 

5.6k, S5.4, S5.5). 

 

 

Figure 5.6. Morphologies and chemical compositions of the in vitro biodegradation products on 

porous Fe35Mn struts: on the periphery after  (a, e, h) 24 h, (b, f, i) 7 d, (c) 14 d, and (d, g, j) 28 d of 

biodegradation, and (k) at the center of the scaffolds after 28 d of biodegradation. The arrow and 

number indicate the location of EDS analysis. 
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Figure 5.7. Electrochemical responses of the porous iron-manganese alloys during 28 d of 

biodegradation: (a) OCP and (b) polarization resistance values from the LPR measurements; (c) 

impedance Nyquist and (d) Bode plots at different time points. 

 

5.3.5 Electrochemical measurements 

The OCP values of the porous iron-manganese alloys were stable during the 

28 d of biodegradation (Figure 5.7a). After 24 h of immersion, the OCP values 

were -757 ± 2 mV, -745 ± 3 mV, and -761 ± 6 mV for Fe25Mn, Fe30Mn, and 

Fe35Mn, respectively. After 28 d of immersion, the OCP values only changed 

marginally to -746 ± 4 mV, -745 ± 3 mV, and -737 ± 3 mV, respectively. On the 

other hand, the OCP values of porous iron increased from -706 ± 2 mV after 24 h 

of immersion to -608 ± 49 mV after 28 d of immersion. From the LPR 

measurements, the average polarization resistance values of the porous iron-

manganese alloys showed an increasing trend during the initial 14 d of immersion 

and remained relatively stable afterwards (Figure 5.7b). Meanwhile, the average 

polarization resistance values of porous iron increased with immersion time. 

After 24 h, the average polarization resistance values were 1.9 ± 0.3 kΩ.cm2, 1.9 

± 0.2 kΩ.cm2, 3.5 ± 0.6 kΩ.cm2 for Fe25Mn, Fe30Mn, and Fe35Mn, respectively. 
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After 28 d of immersion, the average polarization resistance values increased to 

3.3 ± 0.6 kΩ.cm2, 5.1 ± 1.3 kΩ.cm2, and 4.8 ± 1.5 kΩ.cm2, respectively. For the 

porous iron scaffolds, the average polarization resistance value significantly 

increased from 3.2 ± 0.8 kΩ.cm2 after 24 h of immersion to 23.4 ± 4.4 kΩ.cm2 

after 28 d of immersion (Figure 5.7b).  

The impedance Nyquist plots of the porous iron-manganese alloys displayed 

semicircles that grew larger with increasing immersion time up to 14 d and 

slightly fluctuated towards 28 d of immersion  (Figure 5.7c). At the low frequency 

(i.e., 0.01 Hz), the Bode impedance magnitude values of the porous iron 

manganese alloys had a similar trend as the polarization resistance (Figure 5.7d). 

After 24 h, the impedance magnitude values at 0.01 Hz were 2.5 ± 0.9 kΩ.cm2, 

2.0 ± 0.2 kΩ.cm2, 3.9 ± 0.7 kΩ.cm2 for Fe25Mn, Fe30Mn, and Fe35Mn, 

respectively. After 28 d of immersion, the values increased to 4.3 ± 1.5 kΩ.cm2, 

4.5 ± 1.1 kΩ.cm2, and 4.8 ± 1.4 kΩ.cm2, respectively. 

 

 

Figure 5.8. Compressive mechanical properties of the porous iron-manganese alloys: (a) the stress-

strain curves, (b) the yield strength and (c) elastic modulus values during 28 d of biodegradation. 

 

5.3.6 Mechanical properties 

Under uniaxial compression, all the porous iron-manganese specimens 

exhibited smooth stress-strain curves that started with a linear elastic region, 

followed by a plastic deformation region that corresponded to the typical strain-

hardening behavior (Figure 5.8a). Among all the as-sintered iron-manganese 

alloys, the porous Fe25Mn alloy exhibited the highest strain-hardening rate with 
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a strain-hardening exponent value of 0.80 (Figure 5.8a). Meanwhile, the porous 

Fe30Mn and Fe35Mn specimens demonstrated strain-hardening exponent 

values of 0.74 and 0.66, respectively. Prior to the in vitro immersion tests, the 

porous iron-manganese specimens (Fe25Mn, Fe30Mn, and Fe35Mn) possessed 

yield strengths of 5.9 ± 1.2 MPa, 5.9 ± 1.3 MPa, and 6.4 ± 1.6 MPa, respectively. 

The elastic modulus values were 0.34 ± 0.03 GPa, 0.39 ± 0.02 GPa, 0.39 ± 0.02 

GPa, respectively. 

 As a result of biodegradation, the yield strengths (Figure 5.8b) and elastic 

moduli (Figure 5.8c) of all the scaffold groups gradually decreased over time. 

After 28 d, the yield strengths were 3.0 ± 1.0 MPa, 3.0 ± 0.3 MPa, and 3.4 ± 0.4 

MPa for Fe25Mn, Fe30Mn, and Fe35Mn, respectively. At the same time, the 

elastic modulus values decreased to 0.16 ± 0.08 GPa, 0.21 ± 0.02 GPa, and 0.18 

± 0.03 GPa, respectively. Furthermore, the strain-hardening exponent declined 

up to 0.57 after 28 d of biodegradation. 

 

 

 

Figure 5.9. Indirect cytocompatibility of the various porous iron-manganese alloys for MC3T3-E1 

preosteoblasts: (a, b, c) the metabolic activity of preosteoblasts after 1, 3, and 7 d of culture; 

rhodamine phalloidin (red) and DAPI (blue) fluorescence staining of preosteoblasts after 3 d of 

culture in (d, e, f) the 75% and (g, h, i) the 50% extracts of Fe25Mn, Fe30Mn and Fe35Mn, respectively. 

**** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, and * = p < 0.05. 
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5.3.7 In vitro cytotoxicity against preosteoblasts 

The extracts of the porous iron-manganese specimens contained iron and 

manganese ions with concentrations of 60.2 ± 1.1 mg/mL and 52.4 ± 0.9 mg/mL 

for Fe25Mn, 62.2 ± 1.1 mg/mL and 46.7 ± 0.5 mg/mL for Fe30Mn, and 62.8 ± 1.7 

mg/mL and 37.5 ± 0.8 mg/mL for Fe35Mn, respectively. The indirect cell tests 

(i.e., the PrestoBlue assay) (Figure 5.9a-c) revealed immediate cytotoxicity for all 

the 100% iron-manganese extracts with less than 30% metabolic activity of 

preosteoblasts after 24 h of cell culture and almost no metabolic activity after 7 d 

of cell culture. Similar cytotoxic effects were observed for all the 75% iron-

manganese alloy extracts after 3 d of the culture and onwards. For the 50% iron-

manganese alloy extracts, the metabolic activity of the cells reduced during the 

initial 3 d of cell culture and recovered after 7 d of cell culture. However, the 

values were still around 60%. Nonetheless, the preosteoblasts could proliferate 

and spread nicely, forming a confluent cell layer after 3 d of cell culture in the 75% 

extracts (Figure 5.9d-f) and 50% extracts (Figure 5.9g-i). The 25% iron-

manganese extracts behaved the best with a more than 85% metabolic activity of 

preosteoblasts at all the time points. 

 

 

Figure 5.10. Direct cytocompatibility of the porous iron-manganese alloys: (a) the number of viable 

MC3T3-E1 preosteoblasts after up to 28 d of culture; (b) the morphology of preosteoblasts after 4 d 

of culture on the porous iron-manganese specimens; (c, d, e) calcein acetoxymethyl (green, showing 

viable cells) and ethidium homodimer-1 (red, showing damaged cells) fluorescence staining of 

preosteoblasts after 4 d of culture on porous Fe25Mn, Fe30Mn, and Fe35Mn, respectively. **** = p < 

0.0001, *** = p < 0.001, ** = p < 0.01, * = p < 0.05, and n.s. = not significant. 
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The direct culture of the preosteoblasts on the porous iron-manganese alloys 

resulted in a decreased number of viable cells after 24 h of culture relative to the 

pure iron scaffolds (i.e., 1.4-1.8×104 cells) (Figure 5.10a). The number of 

preosteoblasts depleted after 7 d of culture to 0.9-1.3×105 cells and fluctuated 

during the subsequent cell culture period (i.e., 1.3-1.5×104 cells and 1.3-1.4×104 

cells after 14 and 28 d, respectively). The preosteoblasts attached to the surfaces 

developed many filopodia, although the cellular body was rather round-shaped 

(Figure 5.10b). Furthermore, a few green fluorescence-stained (viable) 

preosteoblasts were observed on all the porous iron-manganese specimens 

(Figure 5.10c-e). Nonetheless, the fluorescent staining showed uniformly seeded 

cells on the struts, indicating the high seeding efficiency of the assays. 

5.4 Discussion 

The extrusion-based 3D printed porous iron-manganese scaffolds developed 

in this research exhibited a highly encouraging  potential to meet most of the 

requirements for iron-based bone substitution, including (i) weak paramagnetic 

properties with a very low magnetic susceptibility, meaning that the synthesized 

materials successfully tackled the fundamental issue of the MRI-incompatibility 

of pure iron, and (ii) significantly enhanced in vitro biodegradability (i.e., 0.20–

0.23 mm/y) due to the addition of 30–35 wt% manganese to iron. The achieved 

values fall into the range of the suitable biodegradation rates for ideal bone 

substitutes (i.e., 0.2–0.5 mm/y) [42]. Furthermore, the porous alloys possessed 

sufficient mechanical properties even after a 28 d biodegradation period (i.e., 

E = 0.16–0.21 GPa and σy = 3.0–3.4 MPa), and these values stayed within the 

range of the cancellous bone [43]. These results can be considered major 

breakthroughs in the development of porous iron-based biodegradable implants, 

motivating the follow-up research to address the important issue of 

cytocompatibility.   

5.4.1 Extrusion-based 3D printing of the porous iron-manganese scaffolds 

In the present research, extrusion-based 3D printing was successfully 

applied for the multi-material additive manufacturing of ex situ-alloyed porous 

iron-manganese scaffolds. The key to a successful fabrication process lies in a 

proper iron-manganese-containing ink formulation that should be stable and 

possess the required rheological properties for extrusion-based 3D printing. The 

hypromellose binder in the ink provides the ink with shear-thinning properties 

(Figure S5.3), which is particularly important for stable flow of the ink during the 

3D printing process. The mixed iron-manganese powder loadings of 49.55 vol% 

(Fe25Mn), 49.66 vol% (Fe30Mn), and 49.78 vol% (Fe35Mn) resulted in printable 

iron-manganese inks with the ability to retain the strut shape upon extrusion. The 
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ink formulations and 3D printing process parameters delivered the porous iron-

manganese scaffolds with structural characteristics that were close to the original 

design (Figure 5.2a-c). 

The 3D printed porous iron-manganese scaffolds were subjected to 

debinding to remove the binder in the inks at the temperature where the binder 

decomposed [34]. Considering more compact morphologies of the as-printed 

iron-manganese alloy struts, the debinding time was extended to 3 h from 1 h that 

was previously used for pure iron [34], to allow thorough binder removal and 

prevent any interactions between the binder residual and iron-manganese 

powder mixture. Thereafter, the porous iron-manganese scaffolds were sintered 

to facilitate the diffusion of manganese into iron and simultaneously get the 

powder particles bonded (Figure 5.2d-g). At high temperatures, manganese tends 

to be volatile [44]. As the temperature increases for the sintering stage, 

manganese sublimates and the vapor flows into the micropores of the struts, 

settling on the surface of the iron powder particles. Then, manganese diffuses into 

iron powder particles, leading to the expansion of the original iron particles, and 

the creation of a solid solution. As a consequence of this process, the as-sintered 

porous iron-manganese scaffolds expanded by 1.6%, which was also encountered 

in other fabrication routes involving sintering [21]. 

Iron-manganese alloys with more than 23 wt% manganese have a minor 

amount of the ε-martensite phase, together with the γ-austenite phase [45]. 

When higher than 28 wt% manganese is added to iron, only the γ-austenite single 

phase is present [45]. In the present research, the ε-martensite and γ-austenite 

dual phases were detected in the porous Fe25Mn alloy and only the γ-austenite 

single phase was found in the porous Fe30Mn and Fe35Mn alloys (Figure 5.3a), 

which is in agreement with the literature. The presence of these phases instead of 

the α-ferrite phase is of crucial importance, as they provide anti-ferromagnetic 

behavior [46,47], which is required for iron-based biomaterials to be MRI-

friendly.  

Furthermore, the as-sintered porous iron-manganese alloys possessed a 

relatively low solid fraction of 63–67%, which may be a result of the diffusion of 

25–35 wt% manganese into iron, leaving open pore spaces within the struts [22]. 

All the iron-manganese alloy scaffolds had an absolute porosity of 69% and up to 

98.6% of pores were interconnected (Table 5.1). For bone substitution 

applications, open pores are advantageous for both biodegradability and 

biological properties. Well-channeled pore networks offer large surface area 

between powder particles, hence encouraging biodegradation and stimulating 

bone cell adhesion and ingrowth [48,49]. 
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Table 5.3. Magnetic properties of the extrusion-based 3D-printed porous iron-manganese alloys in 

comparison with those found in the literature. 

Sample groups 

Magnetic 

susceptibility Saturation 

magnetization  

at 2 T 

(Am2/kg) 

Remanence 

magnetization  

(Am2/kg) 

Ref. 
𝝌  

×10-3 

𝝌𝒈  

×10-6 

(m3/kg) 

Fe 
5100 ± 

47  
640 ± 6 190.4 ± 0.1 

0.0656 ± 

0.0008 

This 

study 

Fe25Mn 

D0 3.5 ± 0.2 0.44 ± 0.03 0.349 ± 0.003  
0.0004 ± 

0.0003 

D28 4.4 ± 1.1 0.57 ± 0.14 0.58 ± 0.02 
0.0006 ± 

0.0003 

Fe30Mn 

D0 
3.4 ± 

0.3 
0.44 ± 0.04 0.32 ± 0.01 

0.0006 ± 

0.0003 

D28 3.0 ± 0.1 0.39 ± 0.02 0.54 ± 0.04 
0.0006 ± 

0.0002 

Fe35Mn D0 3.3 ± 0.1 0.42 ± 0.02 0.316 ± 0.003 
0.0004 ± 

0.0003 

 D28 3.1 ± 0.2 0.40 ± 0.03 0.53 ± 0.02 
0.0006 ± 

0.0003 

Ti6Al4V 
0.35 ± 

0.04 
0.08 ± 0.01 0.045 ± 0.001 

0.0022 ± 

0.0002 

Fe25Mn - 0.19 0.08* 0.011 

[50] Fe30Mn - 0.19 0.08* 0.005 

Fe35Mn - 0.18 0.07* 0.003 

Fe30Mn6Si1Pd - - 0.4 - [19] 

Porous 

Fe30Mn6Si1Pd 
- - 13.5 - [13] 

Fe35Mn - - 0.5** - [22] 

*at 0.5 T magnetic field; ** at 5 T. 

 

5.4.2 Magnetic behavior  

The ε-martensite and γ-austenite phases in the iron-manganese alloys are 

known for their anti-ferromagnetic properties [50]. In the present research, the 

magnetization of the porous iron-manganese alloys was measured in a high 
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magnetic field of 2 T, which is the typical intensity used in clinical MRI machines 

[51]. The magnetization saturation values of the porous iron-manganese alloys 

were three orders of magnitude lower than that of pure iron (Table 5.3), even after 

28 d of biodegradation with the formation of degradation products that were 

ferrimagnetic. The magnetic properties of the porous iron-manganese alloys in 

comparison with the values found in the literature are listed in Table 5.3. 

Even when the applied magnetic field is removed, the remanent 

magnetization of pure iron was still relatively high (i.e., 0.0656), compared to that 

of the iron-manganese alloys (i.e., < 0.0007) or Ti-6Al-4V (i.e., 0.0022). The 

magnetic susceptibility values (χ) of the porous iron-manganese alloys (i.e., 3.0–

4.4×10-3) were three orders of magnitude lower than that of pure iron (i.e., 5.1). 

However, the values were still one order of magnitude higher than that of Ti-6Al-

4V (i.e., 0.3×10-3). A material whose magnetic susceptibility value falls into the 

range of 10-5 < | χ - χwater | < 10-2 (with χwater = -9.05×10-6) belongs to the first kind 

of magnetic field compatible materials [52]. The magnetic properties of such a 

material do not interfere significantly with the magnetic field of MRI machines, 

but may produce MRI artefacts [52]. Based on this theoretical analysis, the 

porous iron-manganese alloys developed in the present research can be 

categorized as the magnetic field compatibility of the first kind, which is in the 

same category as Ti-6Al-4V.  

For most weakly paramagnetic medical devices (e.g., titanium-based 

implants), MRI artefacts are inevitably observed, although the material is 

considered to be MRI-safe [53]. During MRI, a sharp transition in the magnetic 

susceptibility occurs between the paramagnetic material and the human tissue 

(e.g., soft tissue = -9.05×10-6 and cortical bone = -8.86×10-6 [52]), which affects 

the readout [54]. It has recently been reported that a reduction in the volume of 

MRI artefacts can be achieved by introducing a porous geometry into the material 

[55–57], which is relevant to the bone substitution application. In general, our 

results have shown the prospects of iron-manganese scaffolds as weakly 

paramagnetic iron-based bone substitutes. In the near future, the detailed tests 

of the porous iron-manganese alloys, including the evaluation of the magnetically 

induced torque and displacement force, and radiofrequency-induced heating 

[51], will be performed to better understand the paramagnetic behavior of these 

biomaterials. 

5.4.3 Biodegradation in vitro  

The in vitro biodegradation rates of the porous iron-manganese alloys at 28 

d (i.e., 0.18, 0.20, and 0.23 mm/y for Fe25Mn, Fe30Mn, and Fe35Mn, 

respectively) are in the range of the values reported for Fe-Mn alloys in the 

literature (Table 5.4). Assuming a stable biodegradation rate beyond the 28 d of 
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the immersion tests, the porous Fe30Mn and Fe35Mn alloys degraded at the rates 

that are within the range of the ideal biodegradation rates suggested for bone 

substitutes (i.e., 0.2–0.5 mm/y) [42]. The values were about 4.0 to 4.6 times 

higher than that of porous pure iron, fabricated by using the same 3D printing 

technique [34]. An addition of manganese to iron is known to improve the rate of 

biodegradation significantly by lowering the standard electrode potential [7,22]. 

In addition, the manganese-rich regions in the struts (Figure 5.2g) may promote 

local micro-galvanic corrosion. Besides the porous struts with original powder 

particle boundaries, the diffusion of manganese into iron powder particles 

created more open micropores, as compared to the pure iron counterpart [34], 

which would significantly increase the available surface area in the struts for the 

initiation of biodegradation.  

The biodegradation reactions can be described in a simplified way as: 

Anodic reaction: Fe → Fe2+ + 2e- (5.8) 

 Mn → Mn2+ + 2e- (5.9) 

Cathodic reaction: 2H2O + O2 + 4e- → 4OH- (5.10) 

As the biodegradation progresses (Equations 5.8-5.9), the local solution 

becomes alkaline due to the OH- products of the cathodic reaction (Equation 

5.10). The alkalinity of the solution with raised local pH will induce the 

precipitation of Fe- and Mn-based biodegradation products. For example, Fe2+ 

can be hydrolyzed to form Fe(OH)2 (Equation0 5.11). Then, Fe(OH)2 can be 

further oxidized to form Fe(OH)3 (Equation 5.12). Since Fe(OH)3 is less stable, it 

will transform into a more stable compound (e.g., FeOOH, Equation 5.12):  

Fe2+ + 2H2O → Fe(OH)2 + 2H+ (5.11) 

4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3 → 4FeOOH + 4H2O (5.12) 

Besides FeOOH, the precipitated biodegradation products may contain 

calcium-based, phosphate-based, or carbonate-based compounds as well through 

the following reactions (Equations 13–15): 

3Fe2+ + 2PO4
3- + 8H2O → Fe3(PO4)2.8H2O ↓ (5.13) 

5Ca2+ + 3PO4
3- + 2OH- → Ca5(PO4)3.(OH)2 ↓ (5.14) 

Fe2+ / Mn2+ / Ca2+ + HCO3
- → FeCO3 / MnCO3 / CaCO3 ↓ + H+ + e- (5.15) 

From these potential precipitation reactions, only γ-FeOOH and MnCO3 

were detected (Figure 5.3b). The calcium and phosphorus precipitates of low 

concentrations were identified only at the periphery, mostly during the late 

periods of the biodegradation tests (Figure 5.6f-g).  

As a whole, the biodegradation products formed on the struts on the 

periphery as well as at the center of the scaffold (Figure 5.6), thereby passivating 
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the base material and decreasing the biodegradation rate during the subsequent 

immersion period (Figure 5.5d). The gradual densification of the morphology of 

the corrosion products (Figure 5.6) slows down the corrosion process too. During 

biodegradation, the variations of iron and manganese ion release with time could 

be attributed to their participation in the corrosion products (Figure 5.5e, f). 

Manganese ions were released ~10 times more than iron ions throughout the 28 

d biodegradation, which is in agreement with the data reported in other studies 

[58,59]. The faster release of manganese ions is closely related to the medium 

composition and atmospheric condition. It has been reported that bicarbonate 

ions (HCO3
-) promote faster manganese ion release [59]. In addition, 

biodegradation, occurring under a 5% CO2 atmosphere, helps in maintaining the 

availability of HCO3
- in the r-SBF medium [60]. These interactions not only 

induce manganese ion release but also cause the formation of carbonate 

compounds (i.e., MnCO3, Equation 15). 

As for the iron-based biodegradation products, the formation of γ-FeOOH 

was identified (Figure 5.3b). Unlike the porous pure iron [34], iron phosphate 

biodegradation product did not form during the biodegradation of the porous 

iron-manganese alloys, as observed by other researchers [22,50]. In addition, 

calcium phosphate precipitation did not seem to have happened to a great extent. 

The concentrations of calcium and phosphorus elements detected at the 

periphery were relatively low (Figure 5.6i-j). In the center of the scaffolds (Figure 

S5.6), only very small amounts of calcium were detected in the Fe30Mn and 

Fe35Mn scaffolds along with iron, manganese, carbon and oxygen. Although the 

local solution could be alkalinized by the cathodic response during the early 

period of the immersion tests (Equation 10), the pH value would be balanced by 

the hydrogen ions released during the hydrolysis of ferrous ions (Equation 11) 

and the precipitation of MnCO3 compounds (Equation 15). A recent study showed 

that the local pH value of porous iron-manganese remained between 7.1 to 7.3 

after 24 h immersion in Hank’s balanced salt solution [61,62]. In this case, the 

formation of stable calcium phosphate might have been impeded, since the 

precipitation was more favorable at a higher pH value [63]. Moreover, the 

absence of calcium phosphate compounds might be possible due to the swift 

release of iron or manganese ions and the formation of iron-manganese products 

during biocorrosion [13].  

Overall, the biodegradation products of the porous iron-manganese alloys, 

both at the periphery and at the center of the scaffolds, appeared to be more 

chemically diverse (Figure 5.6) than those of porous pure iron [34]. After 28 d of 

immersion, a variety of elements, including calcium, phosphorus, sodium, 

carbon, oxygen, and even traces of chlorine, were present in the peripheral 

degradation products of the porous iron-manganese alloys (Figure 5.6g, j). At the 
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center, carbon was detected to be participating in the oxide-containing 

degradation products (Figure 5.6k).  

 

Table 5.4. In vitro biodegradation rates obtained from the immersion tests of the extrusion-based 

3D-printed porous iron-manganese alloys in comparison with those found in the literature. 

Material and  

fabrication method 

Porosity 

(%) 

Immersion 

condition 

Time 

point 

Corrosion 

rate 

(mm/y) 

Ref. 

Fe25Mn Extrusion-

based 3D 

printing and 

sintering 

69 
Static, 37 °C, 

5% CO2, r-SBF 
28 d 0.18-0.23 

This 

study 
Fe30Mn 

Fe35Mn 

Fe35Mn Space holder 

27.3 ± 0.6 

Static, 37 °C, 

SBF 
14 d 0.5 [12] 40.0 ± 3.9 

48.2 ± 0.3 

Fe35Mn Binder jetting 39.3 ± 1.5 

Static, 37 °C, 

Hank’s 

balanced salt 

solution 

28 d 0.03 [27] 

Fe30Mn Space holder 43 

Static - 37 °C, 

5% CO2, 

DMEM 

30 d 0.79 [14] 

Fe20Mn 

Powder 

metallurgy  

and sintering 

13.9 
Quasi static - 

37 °C, 5% CO2, 

Hank’s 

balanced salt 

solution 

30 d 

0.116 ± 

0.009 

[22] Fe30Mn 20.6 
0.141 ± 

0.012 

Fe35Mn 21.3 
0.306 ± 

0.022 

Fe30Mn Space holder 32.5 ± 3 

Static, 37 °C, 

5% CO2, 

αMEM 

30 d 
0.389 ± 

0.05 
[23] 

Fe25Mn 
Selective laser 

melting 

66.72 ± 

2.4 

Static, 37 °C, 

SBF 
30 d 0.23 ± 0.05 [28] 

Fe35Mn 
Selective laser 

melting 
42.6 ± 0.2 

Quasi static, 

37 °C, SBF 
30 d 0.42 ± 0.03 [29] 

Fe30Mn 

Sponge 

impregnation 

and sintering 

84.6 ± 2.9 
Static - 37 °C, 

SBF 
14 d 0.81 [24] 
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The electrochemical responses of the porous iron-manganese alloys 

indicated stable OCP values throughout the immersion period, as compared to 

porous iron scaffolds (Figure 5.7a). In addition, the polarization resistance values 

of the porous iron-manganese alloys are much lower, compared to the 

polarization resistance exhibited by porous iron (Figure 5.7b). Such trends of OCP 

and polarization resistance imply that iron-manganese biodegradation products 

are less passivating, compared to those for pure iron. This means that the porous 

iron-manganese alloys can maintain the same level of propensity to biodegrade 

over the immersion time. Moreover, both Nyquist (Figure 5.7c) and Bode 

impedance plots (Figure 5.7d) demonstrated the same trend as the LPR results. 

The Nyquist plots of porous iron-manganese remain in a semicircle shape 

throughout the immersion time (Figure 5.7c), unlike the impedance plots of 

porous iron scaffolds reported in our previous publication [34]. Altogether, the 

EDS analysis (Figure 5.6) and electrochemical results (Figure 5.7) demonstrated 

that the biodegradation products, particularly those involving the participation of 

manganese, influenced the corrosion resistance of the iron-based passivating 

layer. Although a more detailed study would be required, this finding is in 

agreement with the hypothesis suggested by other researchers on iron-

manganese alloys containing more than 20 wt% manganese [22,64,65].   

Furthermore, the volume losses of the porous iron-manganese alloys found 

in the immersion tests were 21.1–26.8% (calculated from the mass loss values) 

after 28 d. Although the corrosion rates of the porous iron-manganese alloys are 

in the range of the values reported in the literature (Table 5.4), the recent in vivo 

research on a porous Fe30Mn biomaterial (with 38–47% porosity) has reported 

10.1–20.9% volume loss after 48 weeks of implantation [30]. The biodegradation 

of iron-based biomaterials has been reported to be slower in vivo than in vitro 

[66]. This is because the biodegradation of iron-manganese is strongly dependent 

on the dissolved O2 availability (Equation 10). The in vitro immersion tests in the 

current research were performed in an ambient O2 atmosphere (i.e., 21%), which 

was very different from the low concentration of dissolved O2 near bone marrow 

region (e.g., < 4.2%) [67]. Therefore, future in vitro biodegradation tests of iron-

based materials should be performed in a controlled O2 environment. More in 

vivo studies on the porous iron-manganese alloys need to be carried out to 

determine to what extent the in vitro biodegradation results can be translated to 

the actual conditions.  

5.4.4 Mechanical behavior 

Biodegradation decreases the mechanical properties of bone substitutes over 

time. The rate of bone regeneration and the rate of decrease in the mechanical 

properties of the implant should, therefore, be balanced with each other to ensure 
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that the mechanical support continues to be available at all times. The porous 

iron-manganese biomaterials presented here exhibited bone-mimicking 

mechanical properties in the range of cancellous bone (E = 0.02–2.0 GPa 

and σy = 0.1–30 MPa [43]) even after 28 d of in vitro biodegradation. The 

influence of the manganese content on the mechanical properties of our porous 

biomaterials was limited, which is in contrast with the observations made for bulk 

iron-manganese alloys that show decreases in the yield strength as the 

manganese content increases [50]. This could be explained, considering the 

strong dependence of the mechanical properties of the porous materials on the 

bonding between the sintered powder particles and the distribution of the 

random open micropores present in the struts. In addition, the γ-austenite phase 

in the porous iron-manganese could retain the ductility of the materials even after 

biodegradation (Figure 5.8a), which is an important mechanical property for 

bone substitutes to be able to endure cyclic loading. 

Due to the decreases in the solid fraction of the iron-manganese scaffolds 

after 28 d of biodegradation, the yield strengths and elastic moduli of the porous 

iron-manganese alloys declined by 47.2–57.1% and 47.1–53.9%, respectively 

(Figure 5.8b, c). Degradation of the mechanical properties has also been reported 

in other studies after in vitro biodegradation [29,68]. In in vivo studies, however, 

reductions in elastic modulus (by as much as 42.3%) and yield strength (by 

23.3%) have been reported only after 48 weeks [30]. Although the retrieved 

specimens may still contain newly matured bone tissue in the pores of the 

scaffolds, which may contribute to its mechanical properties, the higher 

mechanical properties that are observed in vivo are most likely due to the slower 

biodegradation of the materials in vivo, as previously discussed.  

5.4.5 Cytocompatibility 

The biocompatibility of an iron-manganese alloy is closely related to the 

concentration of iron and manganese ions released into the cell culture medium. 

To evaluate the indirect cytotoxicity of the porous iron-manganese alloys, the 

iron-manganese extracts were prepared under an extreme condition (i.e., 72 h 

extraction in the physiological conditions [69]). The metabolic activity of 

preosteoblasts (Figure 5.9a-c) improved with the dilution ratio of the extract. The 

original 100% iron-manganese extracts showed instantaneous metabolic 

inhibition for preosteoblasts and cell lysis with no viable cells left for actin and 

nucleus staining. For this reason, all the 100% iron-manganese extracts would be 

categorized as cytotoxic grade 4, according to ISO 10993-5 [69]. Likewise, the 

75% iron-manganese extracts demonstrated an immediate metabolic activity 

reduction, however, nice spreading and a healthy morphology of the cells were 

still present (Figure 5.9d-f). Therefore, the 75% extracts fall into the (moderately) 
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cytotoxic grade 3 category. After 2× dilution (50%), the iron-manganese extracts 

were categorized as mildly toxic (grade 2), where less than 50% metabolic 

inhibition was observable, although the growth of preosteoblasts did not appear 

to be hindered (Figure 5.9g-i). At 4× dilution (25%), the iron-manganese alloy 

extracts exhibited a non-cytotoxic response (grade 1) with > 80% preosteoblast 

metabolic activity.  

The inhibitory concentrations (IC50) of iron and manganese ions towards 

preosteoblasts have been reported to be 53.2–88.5 mg/L and 4.8 mg/L, 

respectively [8]. In the 100% iron-manganese extracts, the iron ion release was 

60.2–62.8 mg/L, which is in the range of the IC50 value. At the same time, the 

manganese ion release, which varied between 37.5–52.4 mg/L, is significantly 

higher than the IC50 value, which is why the extracts at higher concentrations 

were cytotoxic. The systemic toxicity due to iron ions is usually rare, because most 

iron ions are not free-flowing, but chaperoned by proteins (e.g., transferrin [70]). 

However, extensive exposure of free iron ions can induce oxidative stresses [71]. 

In the case of manganese, bone is one of the tissues with a significant manganese 

reserve [72]. This could explain the observation that despite the high 

concentration of manganese ions even after 4× dilution, the preosteoblast 

metabolic activity remained undisturbed. Nevertheless, a too high manganese ion 

concentration in bone is strongly related to neurotoxicity [72]. 

The present direct cultures involved a high ratio of cell culture medium 

volume to the sample surface area, which may better mimic the actual human 

body conditions, considering the possibility that more medium could help reduce 

the local accumulation of metal ions. Our results, however, demonstrated the 

cytotoxicity during the initial period of cell culture, i.e., during 4 d, and cell 

growth inhibition up to 28 d (Figure 5.10a). The cytotoxic results were similar to 

those obtained in several in vitro studies [13,23], but at the same time 

contradicted those of other studies [24,28–30]. To understand the direct cell 

culture results better, we examined the biodegradation of the porous iron-

manganese alloys in the cell culture medium. Unlike in the r-SBF medium (Figure 

5.6), hardly any biodegradation products were deposited even after 7 d and 28 d 

of immersion in the cell culture medium. This occurred due to the presence of 

serum in the cell culture medium [73,74], where metal ions were bonded by 

proteins [70,72], thus preventing the deposition of the biodegradation products. 

The struts of the scaffolds remained porous, being almost identical to those in the 

as-sintered structures (Figure S5.7). Undeniably, such a porous surface 

morphology allowed for rapid biodegradation (=more metal ion release), 

therefore inducing cytotoxicity. In earlier in vivo studies, iron-based biomaterials 

have been found to be systemically biocompatible [3,75–77], which is in 

agreement with our indirect cell culture results with a higher dilution ratio of the 
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extract. Even so, other researchers have also found the evidence of in vivo local 

inflammation, caused by iron-based biomaterials [76,77]. Despite the existing in 

vitro cytotoxicity, the preosteoblasts extended filopodia (Figure 5.10b) that may 

be due to the porous morphology of the struts and deposited calcium and 

phosphorus compounds as the biodegradation products (Figure S5.7). 

Considering the much enhanced in vitro biodegradation rates of the porous iron-

manganese alloys as compared to the biodegradation rate of pure iron, the 

obtained cytotoxicity results are not a surprise. Introducing a bioactive ceramic 

material into the iron-based scaffolds [78–80] will be explored to improve the 

biocompatibility of the porous iron-based materials in order to meet all the 

requirements for ideal bone substitution. 

5.5 Conclusion 

We fabricated porous ex situ-alloyed iron-manganese scaffolds using 

extrusion-based 3D printing from elemental powders for the first time and 

characterized the in vitro properties of these materials for their intended use as 

bone substitutes. The scaffolds presented hierarchical interconnected pore 

networks with accurately controlled macropores and randomly distributed 

micropores. The addition of manganese to iron transformed the latter into a 

weakly paramagnetic material, which means these biomaterials can be classified 

as the first kind MRI-friendly biomaterials. The in vitro biodegradation rates of 

the porous iron-manganese alloys developed here are within the range of 0.18–

0.23 mm/y after 28 d, as desired for ideal bone substitution. The mechanical 

properties of the porous iron-manganese scaffolds decreased over the in vitro 

biodegradation period of 28 d, but the strengths and elastic moduli remained in 

the range of the mechanical properties of the cancellous bone. The indirect 

cultures of preosteoblasts evidenced various levels of cytocompatibility of the 

porous iron-manganese alloys, depending on the dilution ratio of the extract. In 

the direct cultures, the cells showed their ability to attach to the scaffolds by 

developing numerous filopodia, but their viability was reduced by the presence of 

manganese and its associated effects on the scaffolds biodegradation. In 

conclusion, extrusion-based 3D printing is a viable multi-material additive 

manufacturing technique and, in combination with sintering, could deliver MRI-

friendly porous iron-manganese biomaterials with significantly enhanced 

biodegradability and bone-mimicking mechanical properties as desired for bone 

substitutes.  
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5.6 Supplementary material  

 

 

Figure S5.1. Morphologies of porous Fe30Mn: (a, b, c) in the as-printed condition and (d, e, f) in the 

as-sintered condition at different magnifications, and (g) chemical composition mapping on the cross 

section of porous iron-manganese struts. 
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Figure S5.2. Morphologies of porous Fe25Mn: (a, b, c) in the as-printed condition and (d, e, f) in the 

as-sintered condition at different magnifications, and (g) chemical composition mapping on the cross 

section of porous iron-manganese struts. 

 

 

 

Figure S5.3. Rheology curves of the iron-manganese-containing inks: (a) the viscosity values and 

(b) the shear stress values as a function of shear rate. 
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Figure S5.4. Morphologies and chemical compositions of the in vitro biodegradation products on 

porous Fe30Mn: at the periphery after (a, e, h) 24 h, (b, f, i) 7 d, (c) 14 d, and (d, g, j) 28 d of 

biodegradation, and (k) in the center of the scaffolds after 28 d of biodegradation. The arrow and 

number indicate the location of the EDS analysis. 
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Figure S5.5. Morphologies and chemical compositions of the in vitro biodegradation products on 

porous Fe25Mn: at the periphery after (a, e, h) 24 h, (b, f, i) 7 d, (c) 14 d, and (d, g, j) 28 d of 

biodegradation, and (k) in the center of the scaffolds after 28 d of biodegradation. The arrow and 

number indicate the location of the EDS analysis. 
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Figure S5.6. Morphologies and chemical compositions of the in vitro biodegradation products on 

the cross section of the porous (a) Fe25Mn, (b) Fe30Mn, and (c) Fe35Mn after 28 d of biodegradation, 

at high magnification. The selected region indicate the location of the EDS analysis. 

 

 

 

Figure S5.7. In vitro biodegradation products and the strut morphologies of porous (a, d) Fe25Mn, 

(b, e) Fe30Mn, and (c, f) Fe35Mn after (a, b, c) 7 d and (d, e, f) 28 d immersion in the cell culture 

medium. 

 

 

 

 

 

Scaffold 
Chemical composition (mass%) 

C O Ca Fe Mn 

Fe25Mn 6.28 14.69 - 52.21 26.83 

Fe30Mn 8.47 22.57 0.51 42.31 26.15 

Fe35Mn 5.67 28.64 0.26 44.65 22.95 
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6 
Ex situ-composite bioactive and 

biodegradable porous Fe-Akermanite 

 

While additively manufactured porous iron and Fe-based materials has been 

successful in addressing the challenge of low rate of biodegradation, the 

insufficient bioactivity of these biomaterials hinder their progress towards 

clinical application. Here, we used extrusion-based 3D printing for additive 

manufacturing of iron-matrix composites containing silicate-based bioceramic 

particles (akermanite), thereby addressing both of the challenges in 

biodegradation and limited bioactivity. We developed inks that carried iron and 

5, 10, 15, or 20 vol% of akermanite powder mixtures for the 3D printing process 

and optimized the debinding and sintering steps to produce geometrically-

ordered iron-akermanite composites with an open porosity of 69–71%. The 

composite scaffolds preserved the designed geometry and the original α-Fe and 

akermanite phases. The in vitro biodegradation rates of the composites were 

improved as much as 2.6 times the biodegradation rate of geometrically identical 

pure iron. The yield strengths and elastic moduli of the scaffolds remained within 

the range of the mechanical properties of the cancellous bone, even after 28 days 

of biodegradation. The composite scaffolds (10–20 vol% akermanite) 

demonstrated improved MC3T3-E1 cell adhesion and higher levels of cell 

proliferation. The cellular secretion of collagen type-1 and the alkaline 

phosphatase activity on the composite scaffolds (10–20 vol% akermanite) were, 

respectively, higher than and comparable to Ti6Al4V in osteogenic medium. 

Taken together, these results clearly show the potential of 3D printed porous iron-

akermanite composites for further development as promising bone substitutes.  
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6.1 Introduction 

Biodegradable iron-based biomaterials have been developed for several 

years to assist with the regeneration of critical size bone defects [1–4]. Numerous 

techniques have been used to enhance the biodegradation rate of Fe in vitro. For 

example, Fe has been alloyed with Ag [5,6], Mn [7–11], Mn-Ag [12–14] or Pd 

[15,16] to multiply microstructural phases with different values of nobility, hence 

triggering enhanced local corrosion through micro-galvanic interactions between 

the different phases. The recent advances in additive manufacturing techniques 

have enabled the fabrication of porous iron with exact geometrical designs to 

increase their biodegradation rate while maintaining their mechanical integrity 

over time [17–19]. While these two strategies (i.e., alloying and making Fe 

structurally porous) address one of the abovementioned challenges regarding the 

use of iron as a bone-substituting biomaterial, they are incapable of providing 

iron with favorable bioactive properties that are required to stimulate bone 

regeneration. In fact, accelerated biodegradation of Fe can even negatively 

influence its biocompatibility because too much Fe2+ release can inhibit the in 

vitro metabolic activity of preosteoblasts [18,19]. Moreover, the addition of other 

alloying elements is unlikely to make the materials more biocompatible [20].  

Here, we propose additively manufactured porous iron composites 

incorporating bioactive-degradable bioceramic particles to address both 

challenges simultaneously. For such composites, the relatively fast degradation 

of the bioceramic phase in Fe-matrix composites is expected at the beginning of 

the biodegradation period, increasing the initial biodegradation rate of the 

composite materials. Simultaneously, the dissolution of the bioceramic phase is 

expected to induce surface mineralization on the composite material, stimulating 

the adhesion, proliferation, and differentiation of osteoprogenitor cells [21]. With 

time, the dissolved bioceramic phase exposes additional surfaces inside the iron 

matrix for further biodegradation. To date, the Fe-based biocomposites have been 

developed with the reinforcement of hydroxyapatite (HA) [22–24], tricalcium 

phosphate (TCP) [25–27], calcium silicate (CaSiO3) [28,29], magnesium silicide 

(Mg2Si) [30–32], or bredigite (Ca7Mg(SiO4)4) [33,34] using various fabrication 

methods. In general, the performance of several Fe-based biocomposites has 

been well acknowledged in improving both biodegradation and bioactivity of 

iron. Nevertheless, further research is still required to determine the appropriate 

choice of the bioceramic material and the optimum composition to provide the 

most effective biofunctionality for Fe-based biomaterials. Extrusion-based 3D 

printing has only been utilized for the fabrication of Fe-CaSiO3 composite 

scaffolds [29].  
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In this study, we used akermanite (Ca2Mg(Si2O7)) as the second structural 

component in the porous iron matrix to form composites that have not yet 

appeared in the literature. Recent developments in bioceramics for bone tissue 

engineering have shown Mg- and/or Si-based bioceramics to be promising 

alternatives to well-known Ca- and P-based bioceramics (e.g., HA and TCP) 

[35,36]. For example, Mg has been found to stimulate the proliferation and 

osteogenic differentiation of osteoblasts [37]. In addition, Mg scaffolds have been 

shown to restore bone tissue in vivo successfully [38]. Likewise, Si can promote 

the synthesis of collagen type-1 and the calcification of the bony tissue [39,40]. 

Akermanite contains both Mg- and Si and in vivo studies have demonstrated that 

it can offer better osteogenic and angiogenic capabilities than TCP [41–43]. In 

addition, akermanite has been shown to significantly reduce the inflammatory 

responses of macrophages in vivo [44], allowing for better osseointegration.  

Extrusion-based 3D printing of scaffolds for bone regeneration has been 

recently utilized for its merits in multi-material fabrication through alloying or 

compositing porous multi-functional Fe-based materials [11,29]. In this study, we 

used extrusion-based 3D printing technique for fabricating porous Fe-matrix 

composites with 5, 10, 15, and 20 vol% akermanite. We also comprehensively 

characterized the porous composites in vitro biodegradation behavior, the 

electrochemical response, the mechanical properties varying along with in vitro 

biodegradation, and the in vitro biological responses of preosteoblasts to these 

new biomaterials. 

6.2 Materials and methods 

6.2.1 Iron powder and synthesis of akermanite powder  

Iron powder (purity = 99.88 wt%; spherical morphology; particle size < 63 

µm, Figure 6.1a) was supplied by Material Technology Innovations Co. Ltd., 

China. Akermanite powder (Ca2MgSi2O7; Mg wt% = 8.92; an irregular 

morphology; particle size < 45 µm, Figure 6.1b) was synthesized by using the sol–

gel process with the use of tetraethyl orthosilicate [(C2H5O)4Si, TEOS], 

magnesium nitrate hexahydrate [Mg(NO3)2·6H2O], and calcium nitrate 

tetrahydrate [Ca(NO3)2·4H2O] as the raw materials [45], followed by a calcination 

step at 1300 °C for 3 h.  

6.2.2 Iron-akermanite ink preparation and characterization  

The iron and akermanite powder mixtures (with 5, 10, 15, and 20 vol% of 

akermanite, hereafter designated as Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak, 

respectively) were prepared using a roller mixer (CAT Zipperer GmbH, Germany) 

at 80 rpm for 2 h. Then, the powder mixtures were blended with a water-based 

binder (made of a 5 wt% aqueous solution of hydroxypropyl methylcellulose with 
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Mw ~86 kDa, from Sigma Aldrich, Germany [19]) to create iron-akermanite inks 

with a powder volume ratio of 47.45%. The rheological characteristics of the inks 

were observed using an MCR302 rheometer (Anton Paar GmbH, Germany) and 

the results are presented in the supplementary material. In addition, to 

understand the dissolution characteristics of akermanite in the ink during 3D 

printing, the akermanite powder was mixed with demineralized water (with mass 

values equal to those in the Fe-5Ak and Fe-20Ak inks) for 2 h. Then, the 

supernatant was filtered through a 0.22 μm filter (Merck Millipore, Germany). 

The dissolved ions in the supernatant were quantified using an inductively 

coupled plasma optical emission spectroscope (ICP-OES, iCAP 6500 Duo, 

Thermo Scientific, USA).  

6.2.3 Extrusion-based 3D printing, debinding and sintering 

Porous iron-akermanite scaffolds (with ⲫ = 10 mm and h = 10.5 mm) were 

built through the extrusion of iron-akermanite inks using a 3D BioScaffolder 3.2 

printer (GeSiM Bioinstruments and Microfluidics, Germany). The scaffolds were 

designed with characteristics described in Chapter 3, section 3.2.1 (Figure 6.1c). 

The extrusion-based 3D printing was performed at a printing speed of 5 mm/s 

under the printing pressures of 175 kPa, 205 kPa, 235 kPa, and 250 kPa, 

respectively, for the Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak inks. After 3D 

printing, the green-body scaffolds were heat-treated, following the procedure 

described in Chapter 3, section 3.2.1. 

6.2.4 Characterization of porosity, microstructure and phase composition 

The dimensional changes imparted during the sintering process were 

determined by measuring the diameter and height of the iron-akermanite 

composite scaffolds before and after sintering. The morphology of the composite 

scaffolds was observed using a scanning electron microscope (SEM, JEOL JSM-

IT100, Japan). Moreover, the strut size and strut spacing were measured. The 

chemical composition of the struts was mapped using X-ray energy dispersive 

spectroscopy (EDS) (JEOL JSM-IT100, Japan). The phases present in the iron-

akermanite composites were identified using an X-ray diffractometer (XRD, D8 

Advance, Bruker, USA) following the parameters described in Chapter 4, section 

4.2.4. The obtained XRD patterns were analyzed with the Diffrac Suite.EVA v5.2 

software. On the cross section of the composite scaffolds, the diffusion of iron into 

akermanite across the interfaces was inspected through EDS line analysis (JEOL 

JSM-IT100, Japan). The absolute porosities of the composite scaffolds were 

determined by dry weighing method as described in Chapter 3 with Equation 

(3.2) and (3.3). The interconnected porosities were measured using oil 

impregnation, based on the ASTM standard B963-13 [46], and calculated using 

Equation (3.4). The theoretical density of the iron-akermanite composite (ρFe-Ak) 
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were 7.62 g/cm3 for Fe-5Ak, 7.38 g/cm3 for Fe-10Ak, 7.15 g/cm3 for Fe-15Ak, and 

6.84 g/cm3 for Fe-20Ak. 

6.2.5 Biodegradation experiments  

Immersion tests 

The iron-akermanite composite scaffolds were immersed in a revised 

simulated body fluid (r-SBF) [47] with 6.7 mL of r-SBF per 1 cm2 scaffold surface 

area [48] for 1, 4, 7, 14, and 28 d (n = 3, for each time point), under the conditions 

as described in Chapter 3, section 3.2.4 The pH values of the r-SBF medium were 

monitored using a pH electrode (InLab Expert Pro-ISM, METTLER TOLEDO, 

Switzerland) during the in vitro immersion tests at selected time points. 

Characterization of the biodegradation products 

The concentrations of soluble Fe2+, Ca2+,  Mg2+, Si+, and PO4
3- ions in r-SBF 

were measured at various time points using ICP-OES (iCAP 6500 Duo, Thermo 

Scientific, USA). Following immersion until the preselected time points, the 

specimens were retrieved and the morphologies and chemical compositions of 

the biodegradation products on the periphery and at the center of the scaffolds 

were examined using SEM and EDS (JEOL JSM-IT100, Japan). The phases 

present in the biodegradation products after immersion for 4 d and 28 d were 

identified using XRD (D8 Advance, Bruker, USA). The biodegradation rates of 

the iron-akermanite composite scaffolds at different time points were determined 

using mass loss measurements, based on the ASTM standard G1-03 [49], as 

described in Chapter 3, section 3.2.4. The remaining composite material was 

weighed and the average biodegradation rate was calculated, following the ASTM 

standard G31-72 [50], with Equation (3.5). 

Electrochemical measurements 

The electrochemical response of the iron-akermanite composite scaffolds 

during biodegradation in the r-SBF medium at 37 ± 0.5 °C and with an initial pH 

of 7.40 was recorded using a Bio-Logic SP-200 potentiostat (Bio-Logic Science 

Instruments, France). A three-electrode setup included an Ag/AgCl electrode 

(reference electrode), a graphite bar (counter electrode), and the composite 

specimen partially embedded in an acrylic resin (working electrode). The exposed 

surface area of the composite specimen was calculated, based on the initial design 

value of the scaffold. The electrochemical measurements of open circuit potential 

(OCP), linear polarization resistance (LPR) and electrochemical impedance 

spectroscopy (EIS) were performed, following the parameters described in 

Chapter 3, section 3.2.6. 
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6.2.6 Mechanical tests 

Compression tests were performed using a universal material testing 

machine (Zwick Z100, Germany, with a 100 kN load cell) to evaluate the 

mechanical properties of the as-sintered and as-biodegraded iron-akermanite 

composite scaffolds (n = 3). The compression tests were carried out at a crosshead 

speed of 3 mm/min, following the ISO standard 13314:2011 [51]. From the stress-

strain curve, the quasi elastic gradient (referred as Young’s modulus) and the 

compressive 0.2% offset stress (referred as yield strength) were determined, as 

described in Chapter 3, section 3.2.7. 

6.2.7 Cytocompatibility evaluation

Preculture of preosteoblasts and cell culture medium 

Murine MC3T3-E1 preosteoblasts (Sigma Aldrich, Germany) were 

precultured for 7 d in a cell culture incubator, following the conditions described 

in Chapter 3, section 3.2.8. The cell culture medium contained the α-minimum 

essential medium (α-MEM, Thermo Fisher Scientific, USA) without ascorbic acid 

and was supplemented with 10% fetal bovine serum (FBS, Thermo Fisher 

Scientific, USA) and 1% penicillin/streptomycin (p/s, Thermo Fisher Scientific, 

USA). The same cell culture medium was used for all other cell culture assays, 

unless otherwise stated. 

Preparation of iron-akermanite extracts and PrestoBlue assay 

Extracts were obtained after 72 h of incubation of the sterile composite 

scaffolds (ⲫ = 9.7 mm and h = 10.3 mm; n = 3) in the cell culture medium as 

described in Chapter 3, section 3.2.8. The extracts were filtered using a 0.22 µm 

pore size filter (Merck Millipore, Germany) and were diluted to 75%, 50%, and 

25% of their original concentrations. 

The preosteoblasts (1 × 104 cells) were cultured in a 48-well plate containing 

200 µL iron-akermanite extracts for 1, 3, and 7 d (n = 3 for every extract 

concentration). The same preosteoblasts were cultured in the cell culture medium 

as the negative control. PrestoBlue assay (Thermo Fisher Scientific, USA) was 

utilized to evaluate the metabolic activity of the cells, following the procedure 

described in Chapter 3, section 3.2.8, and calculated with Equation (3.7). 

Trypan blue assay and live-dead staining 

The preosteoblasts (5 × 104 cells per specimen) were seeded and cultured on 

the iron-akermanite composite specimens (ⲫ = 9.7 mm and h = 1.3 mm) in 6-well 

plates with 8 mL of cell culture medium for 1, 4, 7, 14, and 28 d (n = 3 for every 

time point). Porous Ti6Al4V scaffolds were used as the reference material 

(positive control). The Trypan blue assay (Bio-Rad, USA), followed by cell 
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counting steps using an automated cell counter (TC20, Bio-Rad, USA), was used 

to calculate the number of the preosteoblasts present at the selected cell culture 

time points. In addition, the distribution and the viability of preosteoblasts was 

evaluated using calcein (green = live) and ethidium homodimer-1 (red = dead) 

staining (Thermo Fisher Scientific, USA) after 7, 14, and 28 d of cell culture. 

Procedures were described in Chapter 3, section 3.2.8. 

Morphology of preosteoblasts on the composite scaffolds 

The morphology of the preosteoblasts after 7, 14, and 28 d of cell culture on 

the composite scaffolds (i.e., Fe-10Ak, Fe-15Ak, and Fe-20Ak) was observed using 

SEM (JEOL JSM-IT100, Japan). Additionally, the strut morphology and 

associated biodegradation products formed on the composite scaffolds 

(immersed in the cell culture medium for 14 and 28 d without cells) were 

examined using SEM and EDS. 

Collagen type-1 staining 

After cell culture for 7, 14, and 28 d, the composite scaffolds (i.e., Fe-10Ak, 

Fe-15Ak, and Fe-20Ak) were washed with phosphate buffer saline (PBS) and were 

fixed with 4% formaldehyde (Sigma Aldrich, Germany) for 15 min. Then, the 

specimens were washed with PBS and permeabilized using 0.5% Triton/PBS 

(Sigma Aldrich, Germany). Consecutively, the scaffolds were incubated with anti-

collagen type-1 primary antibody (1:100 per specimen, Thermo Fisher Scientific, 

USA) in 1% bovine serum albumin (BSA)/PBS, followed by washing with 0.5% 

Tween/PBS (Sigma Aldrich, Germany). The second incubation step was 

performed using Alexa Fluor 488 conjugated secondary antibody (1:200, Thermo 

Fischer Scientific, USA) in 1% BSA/PBS, followed by washing with 0.5% 

Tween/PBS (Sigma Aldrich, Germany). Subsequently, the specimens were 

washed with PBS. Thereafter, the specimens were imaged using a fluorescence 

microscope (ZOE cell imager, Bio-Rad, USA).  

Alkaline phosphatase (ALP) activity 

The ALP activities of the preosteoblasts were determined after 14 and 28 d 

of culture on the composite scaffolds (i.e., Fe-10Ak, Fe-15Ak, and Fe-20Ak) using 

a fluorometric ALP assay kit (ab83371, Abcam, Thermo Fisher Scientific, USA). 

Porous monolithic iron and Ti-6Al-4V specimens were included as the negative 

and positive control groups, respectively. The positive control groups were 

cultured in the cell culture medium with additional osteogenic reagents (i.e., 

ascorbic acid 1:1000 and β-glycerophosphate 1:500). The ALP measurements 

were conducted, following the steps described in the manufacturer’s protocol. 

The ALP activities were reported in terms of fold-change against the negative 

control. 
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Figure 6.1. The morphologies of the starting powder materials: (a) iron and (b) akermanite. (c) The 

extrusion-based 3D printing and the design of porous iron-akermanite scaffolds with a 0° and 90° 

laydown pattern. (d) The morphology of the porous iron-akermanite composite scaffolds and the strut 

morphologies of the (e) Fe-5Ak, (f) Fe-10Ak, (g) Fe-15Ak, and (h) Fe-20Ak composites at a higher 

magnification. (i) EDS elemental mapping on the periphery of the porous iron-akermanite struts. 

 

6.2.8 Statistical analysis 

The statistical analysis of the cell counting results was performed with two-

way ANOVA, followed by a Tukey multiple comparison post hoc test (**** = p < 

0.0001, *** = p < 0.001, ** = p < 0.01, and * = p < 0.05, n.s. = not significant). 

6.3 Results 

6.3.1 Characteristics of the porous iron-akermanite composite scaffolds 

The porous iron-akermanite scaffolds fabricated through extrusion-based 

3D printing (Figure S6.1) closely followed the geometrical 0° and 90° lay-down 

pattern design even after the debinding and sintering steps (Figure 6.1d, Table 
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6.1). Successful extrusion-based 3D printing of iron-akermanite-containing inks 

strongly relies on adequate powder loading in the ink and its shear-thinning 

behavior (Figure S6.2). Due to sintering, the diameter and height of the 

composite scaffolds reduced by 2.7-3.4% and 1.9-2.1%, respectively. The struts of 

the composite scaffolds, nevertheless, continued to feature a random micro-

porous structure (Figure 6.1d). The volume fraction of akermanite clearly 

increased, given the more irregularly shaped powder particles dispersed across 

the struts (Figure 6.1e-h). In addition to the sintered iron and akermanite powder 

particles, smaller akermanite particles adhering to the surfaces of iron particles 

were observed (Figure 6.1i). EDS mapping analysis detected Ca, Mg, and Si 

covering the surface of iron powder particles (Figure 6.1i).  

The iron-akermanite composite scaffolds had interconnected porosities of 

70 ± 1%, 69 ± 3%, 69 ± 1%, and 71 ± 1% for the Fe-5Ak, Fe-10Ak, Fe-15Ak, and 

Fe-20Ak groups, respectively. The increasing akermanite volume in the iron 

matrix did not significantly influence the porosity of the specimens (Figure 6.2a). 

The XRD patterns displayed the α-Fe phase and Ca2Mg(Si2O7) phase in the 

porous iron-akermanite scaffolds with no additional crystalline compounds 

(Figure 6.2c). The intensity of the akermanite phase was relatively higher in the 

scaffold with a higher akermanite volume fraction. On the cross section of the 

struts, the iron and akermanite powder particles were observed to have 

undergone thorough co-sintering (Figure 6.2b). It was clear that the base material 

(gray color) belonged to iron and the dispersed particles (dark gray color) were 

akermanite. At a higher magnification, the interface between iron and akermanite 

revealed on the cross section of the Fe-20Ak specimens (Figure 6.2d) did not 

show any additional compounds formed and was free from any noticeable defects. 

Elemental diffusion from the iron phase to the akermanite phase occurred up to 

a depth of approximately 1.7 µm (Figure 6.2d). 

 

Table 6.1. Structural characteristics of the extrusion-based 3D printed porous iron-akermanite 

scaffolds. 

Sample group 
Strut width 

(µm) 

Strut spacing 

(µm) 

Fe-5Ak 407 ± 8 402 ± 7 

Fe-10Ak 408 ± 7 403 ± 9 

Fe-15Ak 407 ± 7 403 ± 8 

Fe-20Ak 408 ± 6 401 ± 6 
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Figure 6.2. (a) The porosities of the iron-akermanite composite scaffolds, (b) the cross section of the 

struts, (c) the phase composition of akermanite powder and the composite scaffolds and (d) the EDS 

line analysis across the interfaces of iron and akermanite. 

 

6.3.2 In vitro biodegradation behavior 

After 1 d of in vitro immersion, the iron-akermanite composite scaffolds 

were covered by a layer of dark brown biodegradation products. The 

biodegradation products grew thicker into a yellow-brownish color during further 

immersion for up to 28 d (Figure 6.3a). The global pH value of the r-SBF medium 

maintained between 7.62 and 7.65 throughout the biodegradation period. The 

mass of the composite scaffolds decreased due to biodegradation. The mass loss 

percentage increased during the first 4 d of immersion, followed by a reduction 

to 7 d of immersion and the increases corresponding to 14 d and 28 d of 

immersion (Figure 6.3b). A larger mass loss was observed in the composite 

scaffold with a higher akermanite volume fraction. At day 14 of biodegradation, 

the degradation rates of the porous iron-akermanite scaffolds were 0.14 ± 0.01 

mm/y, 0.16 ± 0.02 mm/y, 0.20 ± 0.01, and 0.24 ± 0.02 mm/y for Fe-5Ak, Fe-
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10Ak, Fe-15Ak, and Fe-20Ak, respectively. At the end of the immersion tests (i.e., 

day 28), the in vitro biodegradation rates of the porous iron-akermanite scaffolds 

were 0.08 ± 0.01 mm/y, 0.09 ± 0.01 mm/y, 0.11 ± 0.02 mm/y, and 0.13 ± 0.01 

mm/y for Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak, respectively (Figure 6.3c). For 

comparison, the porous monolithic iron showed the degradation rates of 

0.09 ± 0.02 mm/y at day 14 and 0.05 ± 0.02 mm/y at day 28 [19]. 

 

 

Figure 6.3. The in vitro biodegradation characteristics of the porous iron-akermanite composites: 

(a) the visual inspection of the porous iron-akermanite composite scaffolds before and after 

biodegradation at various time points, (b) mass loss vs. immersion time, and (c) corrosion rates on 

days 14 and 28 of immersion, and the phase compositions of the biodegradation products on days (d) 

4 and (e) 28 of immersion. 
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Figure 6.4. The variations of the concentrations of the (a) Fe2+, (b) Ca2+, (c) Mg2+, (d) Si+, and (e) 

PO4
3- ions in the biodegradation medium over time. The dash line indicates the initial ion 

concentration values in the r-SBF medium. 

 

During biodegradation, Fe2+, Ca2+, Mg2+, and Si+ were steadily released to 

the r-SBF medium (Figure 6.4). The Fe2+ concentrations reached their peaks at 

day 14 (i.e., 0.17 to 0.30 mg/L) and the ion release decreased towards the end of 

the immersion period (Figure 6.4a). In the case of the Fe-15Ak and Fe-20Ak 

specimens, the Ca2+ concentrations detected in the solution were higher at all 

time points, as compared to the initial Ca2+ concentration in the r-SBF medium 

(i.e., 121.1 to 132.4 mg/L at day 28, Figure 6.4b). On the other hand, the Ca2+ 

concentrations in the solution corresponding to the Fe-5Ak and Fe-10Ak 

specimens remained largely unchanged in the first 7 d of immersion, but slightly 

reduced towards the end of immersion (i.e., 85.8 to 96.6 mg/L at day 28, Figure 

6.4b). At the same period of immersion, the Mg2+ and Si+ concentrations steadily 

increased (i.e., 52.0 to 77.4 mg/L and 21.7 to 26.9 mg/L, respectively, Figure 

6.4c-d). As for the PO4
3- ions in the r-SBF medium, the concentrations continually 

declined throughout the 28 d of immersion (Figure 6.4e). 

6.3.3 Characteristics of the biodegradation products 

The main phase in the peripheral degradation products of the porous iron-

akermanite composites after 4 d and 28 d of immersion was lepidocrocite (γ-

FeOOH) (Figure 6.3d-e). The calcite (CaCO3) phase was detected on the Fe-15Ak 

and Fe-20Ak scaffolds after 4 d of immersion (Figure 6.3d) and its intensity 

increased towards 28 d of immersion (Figure 6.3e). By contrast, the CaCO3 phase 

was observed on the Fe-5Ak and Fe-10Ak scaffolds only after 28 d of immersion 
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(Figure 6.3e). From the SEM micrographs, the struts of the composite scaffolds 

were fully enveloped by the degradation products as early as day 4 of the 

immersion tests (Figure 6.5a-c). The biodegradation products transformed into a 

denser structure throughout the immersion period (Figure 6.5, S6.4-6.6).  

 

 

Figure 6.5. The morphologies of the in vitro biodegradation products formed on the porous Fe-20Ak 

scaffolds: on the periphery after (a, b, c) 4 d, (d, e, f) 7 d, (g, h, i) 14 d, and (j, k, l) 28 d of 

biodegradation, and (m) at the center of the scaffolds after 28 d of biodegradation. The cross marks 

with numbers indicate the locations of the EDS analyses whose results are presented in Table 6.2. 
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Table 6.2. Chemical compositions of the in vitro biodegradation products (wt%) on the periphery of 

the porous Fe-20Ak scaffolds, determined by EDS analysis. 

Fe-20Ak  
EDS 

point 
C O Na Mg Si Cl P Ca Fe 

4 d 

1 36.35 19.94 - 0.46 0.36 - - 0.94 41.95 

2 25.53 16.13 - - 1.20 0.13 - 1.07 55.94 

3 24.25 9.41 - - - - - - 68.70 

4 32.30 30.03 - - 0.57 - - 1.57 35.53 

7 d 

5 26.59 13.02 - - - - - 16.51 43.88 

6 25.11 19.03 - 0.59 0.16 - 4.02 7.52 43.56 

7 29.18 20.95 4.48 - 0.05 - - 10.80 34.53 

8 18.41 33.73 - - 0.19 - - 25.32 22.35 

14 D 

9 30.68 23.24 0.07 1.15 - - - 19.77 25.09 

10 10.94 8.31 - - - - - 2.17 78.58 

11 4.46 1.58 - 0.66 - - - 18.27 75.02 

12 29.56 10.55 - 2.05 - - - 28.31 29.54 

28 d 

13 19.57 11.69 0.71 0.75 - - - 3.61 63.67 

14 31.88 7.78 0.31 0.54 - - - 26.51 32.98 

15 5.28 4.25 - 0.26 - - - 12.98 77.24 

16 20.20 14.30 - 1.18 - - - 46.69 17.82 

 

The morphology of the peripheral biodegradation products was discernible 

in two major forms (Figure 6.5): a fine, particulate porous structure and coral-like 

precipitates decorating the surfaces. The coral-like degradation products were 

rich in Ca, while the porous particulate surfaces contained more Fe (Table 6.2). 

These elements corresponded to the phase compositions identified by XRD. On 

the Fe-20Ak composite scaffolds, the coral-like precipitates expanded over the 

biodegradation time, covering the particulate corrosion products (Figure 6.5). 

Similar observations were noted for the Fe-15Ak (Figure S6.4, Table S6.1), Fe-

10Ak (Figure S6.5, Table S6.2) and Fe-5Ak (Figure S6.6, Table S6.3) composites. 



150   Chapter 6 

 

 

 

 

Figure 6.6. The electrochemical measurements of the porous iron-akermanite composite scaffolds 

during 28 d of biodegradation: (a) OCP and (b) the Rp values from the LPR tests; Bode plot of (c) Fe-

5Ak, (d) Fe-10Ak, (e) Fe-15k, and (f) Fe-20Ak composites, indicating the impedance modulus values 

at different frequencies at some selected time points after biodegradation. 

 

In addition to the Fe- and Ca-based products, magnesium was detected at 

lower concentrations in the peripheral degradation products (Table 6.2, S6.1-

6.3). Silicon was only present on the Fe-20Ak composite scaffolds at the early 

immersion time points (i.e., 4 d and 7 d) (Table 6.2). Furthermore, the 

degradation products at the center of the scaffolds appeared to be compact. 

Moreover, Fe, C and O, Ca, Mg and Si remnants were found in the Fe-20Ak 

(Figure 6.5m) and Fe-15Ak (Figure S6.4m) composite scaffolds. However, only 
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Fe, C, O and Ca elements were observed in the cross sectional biodegradation 

products of the Fe-10Ak (Figure S6.5m) and Fe-5Ak (Figure S6.6m) composites. 

6.3.4 Electrochemical measurements 

The iron-akermanite composite specimens (i.e., Fe-5Ak, Fe-10Ak, Fe-15Ak 

and Fe-20Ak) showed relatively stable OCP values during the biodegradation 

experiments (Figure 6.6a). At the beginning of the biodegradation experiments 

(i.e., after 4 d), the OCP values were -645 ± 36 mV, -661 ± 21 mV, -693 ± 21 mV, 

and -669 ± 82 mV, respectively. At the 28th day of biodegradation, the average 

OCP values had only marginally increased to -645 ± 29 mV, -645 ± 19 mV, -670 

± 34 mV, and -602 ± 39 mV, respectively. The average polarization resistance 

(Rp) values of the porous iron-akermanite composites (i.e., Fe-5Ak, Fe-10Ak, Fe-

15Ak and Fe-20Ak) obtained from the LPR tests exhibited a generally decreasing 

trend as the biodegradation progressed (Figure 6.6b). At day 4, the average Rp 

values were 9.0 ± 1.1 kΩ.cm2, 8.3 ± 0.8 kΩ.cm2, 6.9 ± 1.1 kΩ.cm2, and 6.3 ± 1.6 

kΩ.cm2, respectively. After 28 d of biodegradation, the Rp values decreased to 4.1 

± 0.8 kΩ.cm2, 5.1 ± 1.1 kΩ.cm2, 5.4 ± 1.4 kΩ.cm2, and 3.9 ± 0.7 kΩ.cm2, 

respectively. 

The impedance modulus values of the porous iron-akermanite composites 

at low frequencies, indicative of the charge transfer and hence resistance of the 

corroding system, followed a decreasing trend with time similar to the Rp results 

(Bode plots - Figure 6.6c-f). At a low frequency (i.e., 0.01 Hz) and after 4 d of 

immersion, the impedance modulus values were 7.9 ± 1.8 kΩ.cm2, 9.3 ± 0.9 

kΩ.cm2, 7.6 ± 1.8 kΩ.cm2, and 10.7 ± 2.3 kΩ.cm2, respectively, for Fe-5Ak, Fe-

10Ak, Fe-15Ak, and Fe-20Ak. After 28 d of immersion, however, the impedance 

magnitude reduced to 3.7 ± 0.6 kΩ.cm2, 4.8 ± 1.3 kΩ.cm2, 5.1 ± 0.6 kΩ.cm2, and 

3.3 ± 0.6 kΩ.cm2, respectively.  

The impedance magnitudes at a higher frequency (e.g., 100 Hz) relate to the 

evolution (e.g., partial dissolution or growth) of the corrosion product formation 

over time [52–54]. After 4 d of immersion, the impedance modulus values at 100 

Hz were 0.4 ± 0.1 kΩ.cm2, 0.5 ± 0.2 kΩ.cm2, 0.3 ± 0.1 kΩ.cm2, and 0.43 ± 

0.03 kΩ.cm2, respectively for Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak. At the 

same frequency, the impedance modulus values after 28 d of immersion became 

0.3 ± 0.1 kΩ.cm2, 0.6 ± 0.3 kΩ.cm2, 0.6 ± 0.1 kΩ.cm2, and 0.35 ± 0.01 kΩ.cm2, 

respectively. The peak start of the Bode plot phase angle at low-to-mid 

frequencies showed a trend to shift from a higher frequency to a lower frequency 

as a function of time of exposure (Figure 6.6c-f). At a mid-frequency range (i.e., 

100 Hz), the phase angle values after 4 and 28 d of immersion for all composite 

scaffolds were relatively unchanged. 
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Figure 6.7. The compressive mechanical properties of the porous iron-akermanite composites: the 

stress-strain curves of (a) Fe-5Ak, (b) Fe-10Ak, (c) Fe-15Ak, and (d) Fe-20Ak scaffolds; (b) changes in 

Young’s modulus and (c) yield strength during 28 d of biodegradation. 

 

6.3.5 Mechanical properties 

All the iron-akermanite composite scaffolds exhibited smooth stress-strain 

curves under uniaxial compression, starting with a linear elastic region and 

followed by a plastic deformation region that exhibited the hallmarks of strain 

hardening (Figure 6.7a). The composite scaffolds (i.e., Fe-5Ak, Fe-10Ak, Fe-15Ak 

and Fe-20Ak) had Young’s moduli of 0.24 ± 0.03 GPa, 0.30 ± 0.01 GPa, 0.23 ± 

0.05 GPa, and 0.17 ± 0.05 GPa, respectively. The yield strengths were 4.3 ± 

0.3 MPa, 3.0 ± 0.1 MPa, 3.4 ± 0.5 MPa, and 2.9 ± 0.9 MPa, respectively. After 7 

d of biodegradation, the Young’s moduli of the scaffolds reduced to 0.20 ± 0.04 
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GPa, 0.19 ± 0.02  GPa, 0.12 ± 0.01 GPa and 0.10 ± 0.04 GPa, respectively (Figure 

6.7b). After 28 days of biodegradation, the Young’s moduli improved from those 

measured at day 7 (i.e., 0.23 ± 0.05 GPa, 0.30 ± 0.02 GPa, 0.17 ± 0.07 GPa and 

0.13 ± 0.05 GPa, respectively), while being still lower than the initial values 

(Figure 6.7b). The yield strengths of the specimens (i.e., Fe-5Ak, Fe-10Ak, Fe-

15Ak and Fe-20Ak) reduced to 3.4 ± 0.2 MPa, 2.25 ± 0.02 MPa, 1.5 ± 0.3 MPa, 

and 0.8 ± 0.2 MPa (Figure 6.7c), respectively, after 28 d of biodegradation. 

 

 

Figure 6.8. The compatibility of the porous iron-akermanite composites with the MC3T3-E1 

preosteoblasts: (a) the metabolic activity of the preosteoblasts after culture with the extracts of the 

porous iron-akermanite composites, (b) The concentrations of the Ca, Fe, Mg, and Si ions in the iron-

akermanite extracts, (c) the number of the cell counts over the 28 d of culture, and the live dead 

staining of the preosteoblasts on the porous Fe-10Ak, Fe-15Ak, and Fe-20Ak and Ti-6Al-4V scaffolds 

after (d) 7 d, (e) 14 d, and (f) 28 d of culture. **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, and * 

= p < 0.05. 
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6.3.6 Metabolic activity of cells

For the 50% and 25% extracts, the preosteoblasts were highly metabolically 

active (i.e., > 80%) for all the iron-akermanite specimens (Figure 6.8a). When the 

extract concentration increased to 75%, the cells maintained their high levels of 

metabolic activity (i.e., > 80%) for the Fe-10Ak, Fe-15Ak, and Fe-20Ak groups. 

These extracts were categorized as grade 1 (or non-cytotoxic) according to ISO 

10993-5 [55]. However, the metabolic activity of preosteoblasts dropped to <50% 

when cultured in the 75% extracts of the Fe-5Ak composite (grade 2 or moderately 

reactive [55]). The inhibition of cell metabolic activity was only observed on all 

iron-akermanite extracts without any dilution (grade 4 or severely reactive [55]).  

In the extracts of iron-akermanite, Ca2+ was the major component, followed 

by Si+ and Mg2+, while the Fe2+ concentration was the lowest (Figure 6.8b). The 

Ca2+ concentration was 78 ± 2 mg/L, 77 ± 3 mg/L, 67 ± 2 mg/L, and 62 ± 1 mg/L 

for the Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak extracts, respectively. The Ca2+ 

concentration decreased as the volume fraction of the akermanite increased in 

the specimens. Likewise, the Fe2+ concentration values (i.e., 21.7 ± 0.4 mg/L, 15 

± 2 mg/L, 12 ± 1 mg/L, and 12.2 ± 0.2 mg/L. respectively) were lower in the 

extracts of the specimens with higher akermanite volume fractions. The Mg2+ 

concentration was 26.8 ± 0.3 mg/L, 32 ± 1 mg/L, 36 ± 1 mg/L, and 43 ± 1 mg/L 

for the Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak specimens, respectively. The 

corresponding values of the Si+ concentration were 44 ± 1 mg/L, 59 ± 2 mg/L, 60 

± 2 mg/L, and 66 ± 1 mg/L, respectively. Unlike Ca2+ and Fe2+, higher 

concentrations of Mg2+ and Si+ were observed for the extracts of the specimens 

with higher volume fractions of akermanite. 

 

6.3.7 Proliferation of cells and their morphology

From day 7 of the cell culture, the preosteoblasts cultured on the porous Fe-

10Ak, Fe-15Ak, and Fe-20Ak specimens showed significantly higher proliferation 

as compared to that of the Fe-5Ak specimens (Figure 6.8c). A higher viable cell 

count was measured for the specimens with a higher volume fraction of 

akermanite. However, the preosteoblasts did not proliferate on the Fe-5Ak 

composite. In addition, a lower cell viability was observed, indicating that these 

specimens were cytotoxic. Therefore, this group was excluded from the 

osteogenic assays. At day 7 of cell culture, the numbers of preosteoblasts 

corresponding to the Fe-10Ak, Fe-15Ak, and Fe-20Ak specimens were not 

significantly different from the number of cells measured for the Ti-6Al-4V 

specimens. At day 28 of cell culture, the cells grew more on Ti-6Al-4V than on all 

the porous iron-akermanite scaffolds (p < 0.0001). Nevertheless, the number of 
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preosteoblasts present on the composite scaffolds exhibited a 30-fold increase 

within the same period of time (Figure 6.8c). 

 

 

Figure 6.9. The morphologies of the preosteoblasts after (a) 7 d, (b) 14 d, and (c) 28 d of culture on 

the Fe-10Ak, Fe-15Ak, and Fe-20Ak composite scaffolds. At a lower magnification, the formation of 

fibrous extracellular matrix on the periphery of the (d) Fe-10Ak and (e) Fe-20Ak composites.  

 

The fluorescent images revealed the morphologies and distributions of 

preosteoblasts after 7 d (Figure 6.8d), 14 d (Figure 6.8e), and 28 d (Figure 6.8f) 

of culture on the porous Fe-10Ak, Fe-15Ak, and Fe-20Ak composites and Ti-6Al-

4V specimens. High-density, well-adherent cells were evident on the iron-

akermanite composites with almost no differences from the cells residing to the 

Ti-6Al-4V specimens, save for the Fe-5Ak scaffolds (Figure S6.7). On the SEM 

micrographs captured at days 7 (Figure 6.9a) and 14 (Figure 6.9b), the 

preosteoblasts were elongated and had developed extended poly-directional 

filopodia on the tested porous composite specimens (i.e., Fe-10Ak, Fe-15Ak, and 

Fe-20Ak). By day 28, the preosteoblasts were integrated into fibrous matrix 
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layers on the surface of the porous composite specimens (Figure 6.9c). The 

preosteoblasts present on the Ti-6Al-4V specimens proliferated well and formed 

multiple cellular layers by the end of the cell culture period. But such a fibrous-

like layer was not observed on the Ti-6Al-4V specimens. Preosteoblasts on the Fe-

20Ak composite developed the densest fibrous matrix layer (Figure 6.9d-e). On 

this matrix, the precipitation of minerals containing high Ca/P mass percentages, 

corresponding to the Ca/P atomic ratios in the range of 0.47 to 0.88 was 

identified (Table 6.3). 

 

Table 6.3. Chemical compositions of the precipitated compounds (wt%) on the periphery of the 

porous Fe-Ak scaffolds after being cultured with preosteoblasts for 28 d, determined by EDS analysis. 

EDS point C O Na Mg Cl P K Ca Fe 

Fe-10Ak 

1 19.99 36.43 7.13 - 0.67 5.97 0.81 5.27 23.72 

2 14.34 27.62 6.57 - 0.97 9.57 1.14 7.68 32.11 

Fe-15Ak 

3 39.45 28.52 7.59 - 0.85 5.73 0.87 2.93 14.06 

4 32.63 28.57 6.04 - - 8.30 0.75 3.90 19.81 

Fe-20Ak 

5 15.31 15.82 3.30 0.38 0.84 13.04 1.46 8.99 40.86 

6 16.24 16.45 5.02 - 0.85 12.72 1.98 8.29 38.45 

 

6.3.8 Collagen type-1 staining, Ca/P deposition, and ALP activity 

Preosteoblasts cultured on the porous iron-akermanite composites 

demonstrated the initial cues of osteogenic differentiation. The fibrous matrix 

observed on the SEM micrographs (Figure 6.9) was confirmed to be made of 

collagen type-1 (Figure 6.10). At the 7th d of cell culture, the collagen type-1 

staining on the composites was more profound on the Fe-20Ak scaffolds than on 

the Fe-15Ak and Fe-10Ak scaffolds (Figure 6.10a). The collagen type-1 matrix 

further intensified over 14 d of cell culture (Figure 6.10b). At day 28, the matrix 

covered the struts of the Fe-15Ak and Fe-20Ak specimens (Figure 6.10c). The 

porous iron-akermanite composites clearly induced more collagen secretion than 

the Ti-6Al-4V specimens. In addition, the variation of the Ca2+ concentrations in 

the cell culture medium of the iron-akermanite composites with time was also 

measured (Figure 6.10d). At day 7, the Ca2+ concentrations were 146.9 ± 

5.3 mg/L, 155.6 ± 7.4 mg/L, and 169.4 ± 4.2 mg/L for the Fe-10Ak, Fe-15Ak, and 



Ex situ-composite bioactive and biodegradable porous Fe-Akermanite            157 

 

 

 

Fe-20Ak groups, respectively. At days 14 and 28, the Ca2+ concentrations 

decreased to 127.0 ± 3.1 mg/L and 113.2 ± 6.8 mg/L for Fe-10Ak, 147.8 ± 

2.4 mg/L and 97.0 ± 2.6 mg/L for Fe-15Ak, and 154.2 ± 4.2 mg/L and 104.9 ± 3.3 

mg/L for Fe-20Ak.  

 

 

Figure 6.10. Collagen type-1 staining on the porous Fe-10Ak, Fe-15Ak, and Fe-20Ak composite 

scaffolds after culture with preosteoblasts for (a) 7 d, (b) 14 d, and (c) 28 d. (d) The variations of the 

Ca ion concentration in the cell culture medium during the cell culture period. (e) The ALP activity 

values of the preosteoblasts at a number of selected time points. 

 

Furthermore, at day 7, the ALP activity values of the preosteoblasts on the 

Fe-10Ak, Fe-15Ak, Fe-20Ak and Ti6Al4V specimens were 1.0-fold, 1.1-fold, 1.1-

fold, and 2.6-fold higher than the negative control groups, respectively. At day 14, 

the ALP activity values were 1.5-fold, 1.3-fold, 1.7-fold, and 2.9-fold higher than 

the negative control groups, respectively. At day 28, the ALP activity values of the 

preosteoblasts cultured on the composite specimens (i.e., Fe-10Ak, Fe-15Ak, 

Fe-20Ak) were 2.4-fold, 2.5-fold, and 2.3-fold higher than the negative control 



158   Chapter 6 

 

 

 

groups. The values were almost comparable to the Ti-6Al-4V specimens cultured 

in the osteogenic medium (i.e., 2.5-fold higher than the negative control groups). 

6.4 Discussion 

The results of this study show the potential of iron-akermanite composite 

scaffolds fabricated using extrusion-based 3D printing for enhancing the 

performance of iron-based bone substitutes. The developed biomaterials 

successfully addressed both challenges associated with iron-based bone 

substitutes, namely their low rates of biodegradation and limited bioactivity. The 

biodegradation rates (i.e., 0.08–0.13 mm/y 28 d in vitro) were significantly 

enhanced due to the addition of 5–20 vol% akermanite to iron. Despite the 

intensified biodegradation, the porous composites maintained their mechanical 

properties (i.e., E = 0.13–0.24 GPa and σy = 0.8–4.3 MPa) high enough to be in 

the range of the values reported for the cancellous bone [56]. Furthermore, the 

composite scaffolds provided a favorable environment for the adhesion, 

proliferation, and osteogenic differentiation of preosteoblasts. These findings 

further advance the development of additively manufactured porous 

biodegradable iron for application as bone substitutes, encouraging further in 

vivo research to bring them closer to clinical applications. 

6.4.1 Extrusion-based 3D printing of the porous iron-akermanite scaffolds 

Extrusion-based 3D printing, followed by debinding and sintering, 

accomplished the additive manufacturing of porous iron-akermanite composite 

scaffolds. We created iron-akermanite-containing inks that could be simply 

extruded into 3D porous architecture at ambient temperature. Here, the choice 

of binder is of critical importance, e.g., hypromellose polymer (Figure S6.2) being 

able to provide the inks with the shear-thinning properties that are required to 

enable smooth flow without clogging at the nozzle tip [57–60]. The printing 

pressure was the only variable that was altered during the 3D printing of the inks. 

A higher printing pressure was required for a more viscous iron-akermanite ink 

(Figure S6.2). The viscosity values of the inks differed due to the hydrophilic 

behavior of akermanite [61], which increased with the volume fraction of 

akermanite suspended in the ink. Upon extrusion, the inks quickly solidified, 

meaning that the shape of the scaffolds could be well maintained. The green-

bodies were robust (Figure S6.1) and could be immediately transformed into 

porous iron-akermanite composites through the debinding and sintering process 

steps (Figure 6.1). 

The composite scaffolds contained well-defined macropores that conformed 

to the original design (Figure 6.1d). The choice of the sintering parameters (i.e., 

temperature = 1200 °C and time = 6 h) allowed iron and akermanite powder 
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particles to be partially sintered, resulting in minimal shrinkage. The partially 

sintered iron-akermanite powders provided random micropores in the struts 

(Figure 6.1e-h), thereby increasing the total porosity of the final scaffolds beyond 

the initially designed values (with solid struts). Iron particles appeared to have 

been coated with Ca, Mg, and Si (Figure 6.1i), which was due to the water-based 

binder in the ink that promoted the dissolution of akermanite particles during the 

ink preparation and the 3D printing process (Figure S6.3). This coating could be 

beneficial for the adhesion and proliferation of osteoprogenitor cells to promote 

osseointegration [62,63]. The iron-akermanite composite scaffolds exhibited a 

large pore interconnectivity (i.e., 97-99%, Figure 6.2a). A highly interconnected 

porous scaffold has been suggested to be beneficial for tissue regeneration [64], 

as it allows for improved cell migration, nutrition, and oxygenation throughout 

the scaffolds.  

Furthermore, the composite scaffolds only contained the α-Fe and 

akermanite phases (Figure 6.2c), indicating that the two materials maintained 

their individual characteristics even after exposure to the high temperature 

during sintering at 1200 °C for 6 h. However, at the interfaces, iron had diffused 

into the akermanite phase (Figure 6.2d). Such an event has been also observed in 

other studies on iron-based composites prepared by using the sintering technique 

[26,28,29]. Proper interfacial bonding between both material types is of 

importance, as poorly bonded interfaces often cause premature failure when 

applied stress exceeds certain thresholds [65–67]. Such interface diffusion 

between the iron matrix and the akermanite phase may strengthen the 

mechanical integrity of the composite scaffold for its intended use and assist with 

the bone regeneration process. 

6.4.2 Biodegradation

Porous iron-akermanite composites demonstrated significant increases in 

their rates of in vitro biodegradation (i.e., from 1.6 to 2.6 times at day 28) as 

compared to porous monolithic iron scaffolds [19]. The higher solubility of 

akermanite in the physiological solution (as compared to iron) led to a higher 

mass loss during the initial 4 days of biodegradation for all the scaffolds (Figure 

6.3b), which is in line with the biodegradation mechanisms of typical iron-

bioceramic composites described in the literature [22,28,29]. The mass loss 

values dropped on day 7 and progressed with even lower rates for the later time 

points (i.e., days 14 and 28) of the biodegradation tests. Such variations in mass 

loss were a result of the precipitated biodegradation products that influenced the 

corrosion process. Indeed, the addition of akermanite enhanced the 

biodegradation of the composites. This was further confirmed by the continuous 

release of Ca2+, Mg2+, and Si+ into the immersion medium (Figure 6.4). Besides 
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its favorable solubility, the dissolution of akermanite is expected to have also 

created available micro-channels for r-SBF to be in contact with more iron 

surfaces for biodegradation. 

As corrosion naturally occurred during the immersion tests, the degradation 

products precipitated all over the surfaces of the composite scaffolds (Figure 6.5, 

S6.4-6.6). In general, the dense Fe-based corrosion products are known to 

promote the passivation of the substrate, thereby slowing down biodegradation 

at the later time points of the immersion period (Figure 6.3c). The principal phase 

in the degradation products was identified to be γ-FeOOH (Figure 6.3d-e). This 

is similar to other biodegraded Fe scaffolds [17].  

Ca-based biodegradation products were also identified. The precipitation of 

Ca-based degradation products can be related to the total Ca2+ concentration in 

the immersion medium (Figure 6.4). The concentration of Ca2+ released from 

akermanite into SBF was reported to be approximately 5 times higher than its 

initial concentration in the medium after 20 days of in vitro biodegradation [68]. 

After 28 d of biodegradation, however, the Ca2+ concentrations in the immersion 

media of the Fe-15Ak and Fe-20Ak specimens were only 1.2-1.3 times higher than 

the initial concentration in the r-SBF medium (Figure 6.4b). For the specimens 

with a lower akermanite volume fraction (i.e., Fe-5Ak or Fe-10Ak), Ca2+ released 

from the akermanite phase was merely sufficient to maintain the ion 

concentration close to the original value in r-SBF for 7 days. At the later time 

points of immersion, the Ca2+ concentration even dropped (Figure 4b). These 

imply that the Ca2+ released from the composite scaffolds mostly participated in 

the formation of the biodegradation products. However, the expected calcium 

phosphate compounds were not detected, despite the significant decline in the 

concentration of the PO4
3- in the immersion medium (Figure 6.4e). The P element 

was scarcely observed in the other biodegradation products (Table 6.2, S6.1-6.3). 

Instead, CaCO3 formed on the composite scaffolds as early as day 4 of the 

immersion test (Figure 6.3d-e). This is likely because the biodegradation process 

took place in a 5% CO2 atmosphere, which maintained the HCO3
- concentration 

in the immersion medium, allowing CaCO3 to form [69].  

The CaCO3 phase is stable in the presence of Mg and Si [70–72]. Given that 

we observed the CaCO3 phase in the biodegradation products up to the end of the 

immersion test period (i.e., 28 d), the stabilization stage must have occurred due 

to the readily accessible Mg2+ and Si+ in the immersion medium (Figure 6.4c-d). 

The Mg2+ and Si+ concentrations continuously increased over the immersion 

period (Figure 6.4c-d). The Mg-based biodegradation products (e.g., Mg(OH)2) 

are known to be stable in environments with pH ≥ 11.5 [73]. The absence of Mg- 

or Si-based biodegradation products is, therefore, not unexpected, given that the 

biodegradation takes place under relatively stable pH conditions with a pH value 
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of up to 7.65. In addition, for calcium phosphate formation in CaO-SiO2-based 

compounds, such as akermanite, a negatively charged surface made of a hydrated 

silica-rich layer is required for apatite nucleation [68]. The unavailability of Si-

based biodegradation products can further explain the delay in the growth of 

bony apatite on the struts of the scaffolds. A favorable property of the CaCO3 

phase is that it is a precursor material for the carbonate apatite mineral [74–76]. 

CaCO3 is well-known for its biodegradability and bioactivity and is clinically used 

as a bone filler [77]. The addition of CaCO3 to the biodegradation products is, 

therefore, expected to improve the cytocompatibility of the developed bone 

substitutes. 

The precipitation of the biodegradation products influences the 

electrochemical responses of the specimens. The stable OCP values (Figure 6.6a) 

suggest that the iron-akermanite composite scaffolds preserved their 

susceptibility to biodegradation over time and that their associated 

biodegradation products did not passivate the base materials (Figure 6.6b). The 

modulus of the impedance at low frequencies, indicative of the charge transfer 

and hence corrosion resistance, shows a reducing trend with time (Figure 6.6c-f), 

which is similar to the Rp results (Figure 6.6b). In addition, the impedance 

modulus values at mid-frequency range (e.g., 100 Hz), indicative of the evolution 

of the corrosion products [52–54], were relatively stable over time (Figure 6.6c-

f), albeit that some ongoing corrosion product formation is suggested by the trend 

of the peak start of the Bode plot phase angle at low-to-mid frequencies to shift 

from a higher frequency to a lower frequency as a function of time of exposure 

[78]. All in all, the EIS data analysis indicates that the intrinsic integrity and 

protectiveness of the biodegradation products are relatively limited. The 

decreasing resistivity and the evolution of the corrosion process can also be 

explained by the formation and maturation of CaCO3 on the surfaces of the 

specimen struts. Despite its dense coverage on the surfaces, the biodegradability 

of CaCO3 [77] means that corrosion can continuously progress into the base 

material. 

In general, the in vitro biodegradation rates of the iron-akermanite 

composite scaffolds are comparable with those reported in the literature (Table 

6.4). However, the Fe-based composites were mostly studied in the bulk form and 

contained different types or compositions of bioceramics, which makes direct 

comparison challenging. Several factors are of importance to consider when one 

compares the biodegradation rates of Fe-based composites. Firstly, the addition 

of bioceramics with a high volume fraction to the Fe matrix improves the 

biodegradability of the composites. For example, akermanite biodegraded faster 

than TCP [41,43], but the bulk Fe composites with higher TCP volume fractions 

(i.e., 25–50 vol% [25,27]) biodegraded more rapidly than our composite scaffolds 
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with lower akermanite volume fractions (i.e., 5–20 vol%). Secondly, bioceramics 

are often selected, based on their own biodegradation profiles. For example, 

bredigite has a higher biodegradation rate than akermanite [79]. The addition of 

5 and 7.5 wt% bredigite to the Fe matrix [33] led to much higher rates of 

biodegradation than our scaffolds made of Fe-15Ak (= 6.2 wt% Ak) and Fe-20Ak 

(= 8.6 wt% Ak). However, this can be further tuned by the design of the composite 

structure (e.g., open porosity or intricate porous design). For instance, CaSiO3 is 

known for its superior biodegradability [43,80], but the bulk Fe-based 

composites containing 20–30 wt% CaSiO3 did not biodegrade faster, as 

compared to porous Fe-20Ak (= 8.6 wt% Ak) composite scaffolds [28,29]. The 

high interconnected porosity of the iron-akermanite composite scaffolds clearly 

enhances their biodegradation rates, even though the dissolution rate of 

akermanite is lower than that of CaSiO3 [43]. 

In addition, the fabrication processes applied to a composite material can 

alter its biodegradation profile too. A powder metallurgy technique that includes 

ball milling can create a much refined microstructure of the resulting powder 

particles, which often results in an enhanced biodegradation rate of the 

composite. The bulk Fe composite containing 5 wt% HA did not show a faster 

biodegradation rate compared to the bulk pure Fe [22]. When the HA particles 

were milled into various smaller sizes, the biodegradation rate of Fe-5 wt% HA 

composites increased up to 5 times [24]. A similar event was also reported for the 

Fe-Mg2Si composites [30–32], given in Table 6.4. 

Furthermore, the immersion solution influences the biodegradation rates. 

We used the r-SBF medium that has the same ion concentrations as the blood 

plasma. Other available solutions (e.g., SBF or modified Hank’s Balanced Salts) 

contain a higher concentration of Cl- that can accelerate the biodegradation of 

iron. Moreover, the addition of proteins to the solution has been reported to affect 

the corrosion profile of iron [81]. Finally, and most importantly, the corrosion 

profile of Fe-based composites should be styled for sustainable biodegradation, 

while maintaining the mechanical integrity of the bone substitutes. 

6.4.3 Mechanical behavior

When loading is applied to a composite scaffold, the load will be transferred 

from the iron matrix to the reinforcing phase across many interfaces [21]. 

Therefore, good interfacial bonding between iron and akermanite is of 

importance to ensure that high strength is achieved and the mechanical integrity 

of the composite material is preserved. Our iron-akermanite composite scaffolds 

were capable of maintaining their mechanical properties (i.e., E = 0.13–0.24 GPa 

and σy = 0.8–4.3 MPa) in the range of those of the cancellous bone [56], even 

after 28 days of biodegradation and did not exhibit any signs of premature failure 
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(Figure 6.7). The addition of 10 vol% akermanite to the iron matrix led to the 

highest Young’s modulus value (Figure 6.7b). As for the yield strength, adding 

akermanite did not improve the value. The mechanical properties of the 

composite scaffolds were much lower than those of the porous monolithic iron (E 

= 0.6 GPa and σy = 7.2 MPa) [19]. This could be attributed to the intrinsically 

brittle nature of akermanite and its low fracture toughness [82]. 

Biodegradation usually reduces the mechanical properties of the 

biomaterials. The change in the mechanical properties should be tailored to 

match the rate of bone tissue regeneration to ensure that the required mechanical 

support continues to be available. The yield strength decreased with 

biodegradation time for all the porous iron-akermanite scaffolds. Similar trends 

have been also observed for Fe-TCP composites (with 30–40 vol% TCP) after 56 

days of biodegradation [25]. Interestingly, the Young’s moduli of the composite 

scaffolds increased at the later time points of biodegradation (Figure 6.7b-c).  

The changes in the mechanical properties can be explained by the 

interactions between the composite scaffold and its biodegradation products 

during mechanical loading. The bonding between the biodegradation products 

and the strut surfaces and pores of the composite scaffolds is due to the van der 

Waals forces. When subjected to small levels of compressive strain, this weak 

bonding can share the load between the composite matrix and the degradation 

products, hence increasing Young’s modulus. The improvement in Young’s 

modulus after biodegradation is likely due to the strengthening effect of 

precipitation and the growth of the biodegradation product phases and has been 

observed in other studies as well [83,84]. At the higher levels of strain (e.g., 

reaching the yield strain), however, such load transfer will fail. From there on, the 

mechanical strength will only depend on the biodegraded base materials, which 

is why the yield strength decreases with immersion time. It is important to note 

that the inclusion of up to 20 vol% akermanite in the composite did not make the 

composite material brittle. The iron-akermanite scaffolds exhibited a ductile 

behavior despite biodegradation (Figure 6.7), which is important for enduring 

cyclic loading when used as load-bearing bone substitutes. 

6.4.4 Cytocompatibility and osteogenic properties 

Limited bioactivity is one of the major challenges hampering the clinical use 

of biodegradable Fe-based materials. The response of the cells to biodegradable 

materials is strongly conditioned by the concentrations of the ions released into 

the medium and the formation of the biodegradation products. In the present 

work, the iron-akermanite composite scaffolds (with 10–20 vol% akermanite) 

received a high metabolic response from the preosteoblasts MC3T3-E1 cell line 

(Figure 6.8). The composite scaffolds were favored by the cells for adhesion and 



164   Chapter 6 

 

 

 

proliferation over the entire period of the cell culture experiments (Figure 6.8). 

The specimens also allowed the deposition of collagen type-1 (Figure 6.9) and the 

formation of initial bone minerals in vitro (Figure 6.10).  

First, we evaluated the metabolic activity of preosteoblasts using the iron-

akermanite extracts. A higher volume fraction of akermanite in the composite 

scaffold resulted in lower concentrations of Ca2+ and Fe2+ released into the 

medium (Figure 6.8b). The reduced Ca2+ concentration in the extracts 

corresponded to the formation of Ca/P compounds on the composite scaffolds 

during the immersion in the cell culture medium (Figure S6.8, Table S6.4). The 

Fe2+ depletion could be due to its precipitation in the formation of other 

degradation products (e.g., made of carbonates). The cytocompatibility of the Fe-

based composite scaffolds is mainly limited by the high concentration of released 

Fe2+, which catalyzes the formation of radical compounds that are harmful to cells 

[85]. However, the Fe2+ concentration values in all the extracts were much lower 

than the inhibitory concentration (IC50) reported for preosteoblasts [20]. This 

implies that the inhibition of the metabolic activity by 100% extracts may be due 

to other factors, such as the highly ionic environment in the medium that could 

induce cell death [86]. With a slight dilution (i.e., 1.3×), the preosteoblasts turned 

highly active in the Fe-10Ak, Fe-15Ak and Fe-20Ak extracts. These results were 

very much improved, compared to those of monolithic iron scaffolds [19]. 

Furthermore, we studied the adhesion, proliferation, and osteogenic 

differentiation of the preosteoblasts directly cultured on the composite scaffolds 

with a high medium amount to minimize the local build-up of metal ions and 

better mimic the in vivo conditions (e.g., in the presence of in vivo fluid 

circulation). The Fe-5Ak composite scaffold was found to exhibit a similar 

cytotoxic response to the pure iron scaffold (as reported elsewhere [19]). The Fe-

5Ak group released a higher concentration of Fe2+, as compared to the other 

composite scaffold groups (Figure 6.8b), which must have contributed to the 

cytotoxicity of the material. In other words, the 95 vol% iron content in the 

composite appeared to be still too high to provide a cytocompatible and bioactive 

environment for the cells. Conversely, the preosteoblasts were viable and 

proliferated on the Fe-10Ak, Fe-15Ak, and Fe-20Ak composites (Figure 6.8c). The 

proliferation rates of the cells cultured with the composite scaffolds (with 10 – 20 

vol% Akermanite) were comparable to the values measured for Ti-6Al-4V (the 

reference) during the first 7 days but somewhat decreased over time. 

Nevertheless, the preosteoblasts were actively growing over time (Figure 6.8c), 

which is a strong indicator for the cytocompatibility of the Fe-based composite 

scaffolds for these cells. In addition, the preosteoblasts well adhered to the 

composite surfaces (Figure 6.8d-f) with an elongated shape and poly-directional 

filopodia (Figure 6.9a-b). Despite the enhanced biodegradation rates, all the 
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hallmarks of cytocompatibility were observed in the responses of the 

preosteoblasts to the composite scaffolds. This is caused by the addition of 

akermanite to the Fe matrix [41–43]. Similar levels of cytocompatibility have 

been also observed for other types of Fe-based composites (e.g., Fe-TCP [22], Fe-

CaSiO3 [28,29], and Fe-Bredigite [33]).  

The composite scaffolds (containing 10-20 vol% akermanite) further 

evidenced their ability to induce osteogenic differentiation without the use of any 

osteogenic reagent (i.e., ascorbic acid or β-glycerophosphate) during the cell 

culture experiments. At the later time points (i.e., from day 7 and onwards), the 

preosteoblasts secreted a fibrous-like matrix (Figure 6.9) that was recognized as 

collagen type-1 (Figure 6.10a-c). Collagen substrate has been shown to facilitate 

the precipitation of minerals and support osteogenic differentiation [87,88]. We 

observed large amounts of Ca/P elements (Table 6.3) in the minerals deposited 

on the collagen layer (Figure 6.9c) along with other molecules (e.g., carbonate-

based precipitates). On the contrary, the formation of Ca/P compounds on the 

scaffolds immersed in the cell culture medium without cells (Figure S6.8, 

Table S6.4) only occurred on the surfaces of akermanite particles, but not on Fe 

particles. Finally, the composite scaffolds enhanced the ALP activity of the cells 

from day 14 towards a level comparable with that of the cells cultured on Ti-6Al-

4V scaffolds under the osteogenic conditions at day 28 (Figure 6.10e). 

Akermanite was previously found to promote the osteogenic differentiation of rat 

bone marrow stem cells [42] and of human bone marrow stem cells [89] even 

without any need for osteogenic supplements [90]. Taken together, our in vitro 

results show the potential of the iron-akermanite composite scaffolds as 

osteoinductive biomaterials to assist bone regeneration.  

6.5 Conclusion 

We used extrusion-based 3D printing to fabricate, for the first time ever, 

porous iron-akermanite composite scaffolds. We then studied the characteristics 

of the porous composite scaffolds, aiming to bring Fe-based biomaterials closer 

to meeting the clinical requirements for bone substitution. The iron-akermanite 

composites possessed a highly interconnected porous structure. The in vitro 

biodegradation rates of the composite scaffolds were enhanced due to the 

presence of akermanite in the α-Fe matrix. The biodegradation process and its 

associated product formation on the composite scaffolds influenced the 

mechanical properties of the composites. However, the yield strengths and elastic 

moduli of the specimens stayed in the range of those reported for the cancellous 

bone even after 28 days of biodegradation. Indirect cell culture showed the 

enhanced cytocompatibility of the composites for preosteoblasts as compared to 

similarly processed pure iron, which was most likely caused by the presence of 

Ca2+, Mg2+, and Si+ in the culture medium. In direct cell cultures, the 
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preosteoblasts well adhered to the composite specimens (containing 10-20 vol% 

akermanite), proliferated over time, and secreted the collagen type-1 matrix that 

stimulated bony-like mineralization. In terms of ALP activity, the composite 

specimens (containing 10-20 vol% akermanite) were not significantly different 

from the positive control (i.e., Ti6Al4V specimens), when subjected to the cell 

culture under osteogenic conditions. Taken together, the results of this study 

clearly show the exceptional potential of the developed porous composite 

scaffolds for application as bone substitutes and motivate further research into 

their in vivo performance. 
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6.6 Supplementary material  

 

 

Figure S6.1. (a) Morphology of the green-body porous iron-akermanite composite scaffolds, and the 

strut morphologies of the (b) Fe-5Ak, (c) Fe-10Ak, (d) Fe-15Ak, and (e) Fe-20Ak composites at a 

higher magnification. 

 

 

Figure S6.2. The rheology properties of the iron-akermanite-containing inks: (a) the viscosity curves 

and (b) the shear stress values as a function of shear rate. 

 

 

Figure S6.3. Concentrations of Ca, Mg, Si ions released to the iron-akermanite-containing inks 

during ink preparation and 3D printing. 
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Figure S6.4. The morphologies of the in vitro biodegradation products formed on the porous Fe-

15Ak scaffolds: on the periphery after (a, b, c) 4 d, (d, e, f) 7 d, (g, h, i) 14 d and (j, k, l) 28 d of 

biodegradation, and (m) at the center of the scaffolds after 28 d of biodegradation. The cross marks 
with numbers indicate the location of EDS analyses, whose results are presented in Table S6.1. 
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Table S6.1. Chemical compositions of the in vitro biodegradation products on the periphery of the 

porous Fe-15Ak scaffolds, determined by EDS analysis. 

Fe-
15Ak  

EDS 
point 

C O Na Mg Si Cl P Ca Fe 

4 d 

1 5.36 26.11 - - - 0.68 - 0.60 67.26 

2 10.39 24.41 - - - - - 1.48 63.72 

3 7.79 21.09 - - - 1.81 - 2.90 66.40 

4 8.03 37.30 - 0.70 - - - 45.51 8.46 

7 d 

5 13.85 44.84 - 1.76 - 2.33 - 31.56 5.66 

6 - 19.16 2.66 1.03 - - 5.52 28.96 42.68 

7 10.49 27.16 - - - 2.17 7.31 5.55 47.33 

8 12.48 33.53 - - - 2.03 - 5.10 46.87 

14 d 

9 10.88 32.75 9.38 - - - 7.02 7.00 32.96 

10 3.06 19.10 - - - - - 55.64 22.20 

11 13.88 33.30 11.20 - - - - 1.47 40.16 

12 10.07 26.24 9.36 - - - - 1.55 52.79 

28 d 

13 8.57 14.62 - - - - - 7.58 69.24 

14 19.39 15.43 - - - - - 5.65 59.53 

15 25.57 16.84 - - - - - 2.79 54.79 

16 18.63 7.41 - - - - - 1.00 72.96 
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Figure S6.5. The morphologies of the in vitro biodegradation products formed on the porous Fe-

10Ak scaffolds: on the periphery after (a, b, c) 4 d, (d, e, f) 7 d, (g, h, i) 14 d and (j, k, l) 28 d of 

biodegradation, and (m) at the center of the scaffolds after 28 d of biodegradation. The cross marks 
with numbers indicate the location of EDS analyses, whose results are presented in Table S6.2. 
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Table S6.2. Chemical compositions of the in vitro biodegradation products on the periphery of the 

porous Fe-10Ak scaffolds, determined by EDS analysis. 

Fe-
10Ak  

EDS 
point 

C O Na Mg Si Cl P Ca Fe 

4 d 

1 17.67 38.72 6.06 - - - - 12.07 25.47 

2 9.89 39.83 1.28 0.69 - - - 45.62 2.69 

3 12.81 27.55 - - - 3.21 4.40 1.62 50.41 

4 16.23 35.18 - - - 2.51 3.07 1.18 41.83 

7 d 

5 11.25 32.59 2.24 1.42 - - - 38.61 13.88 

6 15.70 43.72 1.26 1.01 - 1.23 - 29.24 7.83 

7 8.21 16.97 - - - - - 26.16 48.66 

8 7.79 29.95 1.50 0.93 - - - 50.69 9.15 

14 d 

9 14.04 29.21 - - - - - 8.46 48.29 

10 6.53 24.85 4.16 - - - 2.69 6.36 35.01 

11 - 16.00 - - - - - 12.60 71.40 

12 21.78 23.30 2.09 2.09 - - - 34.30 16.45 

28 d 

13 3.85 3.19 - - - - - 9.39 83.56 

14 26.59 7.34 - - - - - 2.28 63.80 

15 41.77 9.85 - - - - - 3.63 44.75 

16 45.20 6.52 - - - - - 2.85 45.42 
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Figure S6.6. The morphologies of the in vitro biodegradation products formed on the porous Fe-

5Ak scaffolds: on the periphery after (a, b, c) 4 d, (d, e, f) 7 d, (g, h, i) 14 d and (j, k, l) 28 d of 

biodegradation, and (m) at the center of the scaffolds after 28 d of biodegradation. The cross marks 
with numbers indicate the location of EDS analyses, whose results are presented in Table S6.3. 
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Table S6.3. Chemical compositions of the in vitro biodegradation products on the periphery of the 

porous Fe-5Ak scaffolds, determined by EDS analysis. 

Fe-5Ak  
EDS 
point 

C O Na Mg Si Cl P Ca Fe 

4 d 

1 1.91 12.12 - - - - 1.34 2.05 82.58 

2 1.60 7.26 - - - - - 1.00 90.15 

3 1.46 8.33 - - - - - 0.95 89.26 

4 8.66 33.15 1.67 - - - 1.59 2.19 52.74 

7 d 

5 9.11 18.80 - - - 3.34 - 9.63 59.12 

6 14.08 48.22 - 1.46 - - - 23.21 13.04 

7 14.87 18.93 - - - 4.68 - 8.54 52.98 

8 14.14 36.28 - - - - - 38.62 10.96 

14 d 

9 8.39 23.51 - - - - - - 68.10 

10 6.07 24.09 - - - - - - 69.84 

11 11.55 34.53 3.55 0.70 - - 6.42 8.67 34.58 

12 13.00 45.39 2.57 0.47 - - 1.70 17.82 19.05 

28 d 

13 11.92 14.02 3.59 - - - - 10.76 59.72 

14 30.88 25.11 4.83 - - - - 5.64 33.54 

15 20.59 10.97 - - - - - - 68.44 

16 10.41 17.85 - - - - - 3.01 68.73 
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Figure S6.7. Live dead staining of preosteoblasts on the porous Fe-5Ak composite scaffolds after (a) 
7 d, (b) 14 d, and (c) 28 d of culture. 

 

 

 

 

Figure S6.8. The morphologies of the in vitro biodegradation products and struts morphologies of 

the porous iron-akermanite scaffolds after (a) 14 d and (b) 28 d in the cell culture medium. The cross 

mark with number indicates the location of EDS analysis, whose results are given in Table S6.4. 
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Table S6.4. Chemical compositions of the in vitro biodegradation products on the porous iron-

akermanite scaffolds in the cell culture medium, determined by EDS analysis. 

Samples 
EDS 
point 

C O Na Mg Si P Ca Fe 

Fe-5Ak   
D14 

1 17.56 29.75 6.42 - - - 7.77 38.49 

2 3.52 1.98 1.11 - - - 1.44 91.95 

Fe-5Ak   
D28 

3 17.97 19.21 7.39 1.19 - 2.04 11.47 40.74 

4 7.01 2.14 - - - - 0.91 89.94 

Fe-10Ak 
D14 

5 18.46 38.19 7.32 2.57 - 3.41 12.89 17.16 

6 4.07 4.31 - - - - 1.13 90.50 

Fe-10Ak  
D28 

7 4.69 1.32 - - - - 2.45 91.54 

8 7.34 12.59 3.97 2.10 - 3.08 28.47 42.44 

Fe-15Ak  
D14 

9 10.58 31.04 6.81 1.32 - 7.37 21.98 20.91 

10 5.86 3.27 0.85 - - - 1.11 88.91 

Fe-15Ak 
D28 

11 - 8.36 3.20 2.12 - - 35.57 50.74 

12 7.72 10.05 4.16 2.02 - - 21.56 54.48 

Fe-20Ak 
D14 

13 8.10 20.29 3.64 1.75 - 13.26 30.49 22.47 

14 4.30 2.78 1.36 - - - 1.29 90.27 

Fe-20Ak 
 D28 

15 3.17 6.90 - 1.51 8.67 2.78 22.47 54.50 

16 22.36 22.36 - 5.80 19.02 - 13.17 17.29 
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7 
Highly biodegradable MRI-friendly  

osteogenic porous Fe-Mn-Akermanite 

 

The development of Fe-based materials as biodegradable bone implants has 

advanced a great deal in the recent years. Yet not all the challenges have been 

overcome. Here, we present porous FeMn-akermanite composite scaffolds 

fabricated by extrusion-based 3D printing to address the unmet clinical needs 

associated with Fe-based biomaterials for bone regeneration. We developed novel 

inks containing Fe, 35 wt% Mn, and 20 or 30 vol% akermanite powder mixtures. 

The 3D printing step was optimized together with the debinding and sintering 

steps to obtain scaffolds with interconnected porosity of 69%. The metal matrix 

in the composites contained the γ-FeMn phase and nesosilicate phases. The 

former made the composites weakly paramagnetic and, thus, MRI-friendly. The 

in vitro biodegradation rates of the composites with 20 and 30 vol% akermanite 

were respectively 0.24 and 0.27 mm/y (in the ideal range of biodegradation rates 

for bone substitutes). The yield strengths and elastic moduli of the composites 

stayed within the range of the values of the trabecular bone, despite in vitro 

biodegradation for 28 d. All the scaffolds favored the adhesion and proliferation 

of preosteoblasts MC3T3-E1 and allowed the osteogenic differentiation of the 

cells comparable to Ti6Al4V. The presence of the osteopontin matrix on the 

composite scaffolds hallmarked the initiation of in vitro biomineralization. 

Altogether, these results show the remarkable potential of the composites in 

fulfilling all the requirements of porous biodegradable bone substitutes, 

motivating future research to evaluate their performance in vivo.  
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7.1 Introduction  

In the recent years, remarkable progress has been made in the development 

of biodegradable Fe-based metals to assist in the regeneration of critical-size 

bony defects. In particular, researchers have tried to address some key challenges 

and find viable solutions to speed up the clinical adoption of such metals [1]. The 

first challenge concerns the slow degradation rate of pure Fe in vivo [2]. To 

improve their biodegradation profile, Fe implants have been recently designed to 

possess a geometrically ordered porous structure, which are then realized 

through additive manufacturing (AM) [3]. Such hierarchical porous Fe structures 

have, indeed, exhibited enhanced rates of biodegradation in vitro [4–6]. The 

second challenge concerns the inherent ferromagnetic behavior of Fe, which 

hinders its use in patients who may need magnetic resonance imaging (MRI) 

during their treatments. Alloying Fe with >28 wt% Mn has been shown to make 

Fe antiferromagnetic [7] while also increasing its biodegradation rate [8,9]. In 

addition, the mechanical properties of FeMn alloys have been shown to be 

tunable by varying the porosity, pore shape, and pore sizes so as to match the 

mechanical properties of the trabecular bone [10–12] as well as those of  the 

cortical bone [13–15]. 

Despite all these developments, the biocompatibility and bioactivity of FeMn 

alloys remain limited, potentially hindering the progress of the bone tissue 

regeneration. Porosity has been generally found to dictate the biodegradation 

profile and, thus, the biological response of Fe-based metals. For porosities < 40 

vol%, several studies have found FeMn alloys to be compatible with such cell 

types as mouse preosteoblasts MC3T3-E1 [16–18], mouse fibroblasts (3T3 [19], 

L929 [20]), and mouse bone marrow stromal cells (BMSCs) [10]. FeMn alloys 

with higher porosities (e.g., 60 vol% [10] and 69 vol% [11]), however, have 

presented in vitro cytotoxicity against mouse BMSCs [10] and preosteoblasts 

MC3T3-E1 [11]. That said, one study has reported good in vitro cytocompatibility 

between MC3T3-E1 and 85 vol% porous FeMn alloy structures [12]. The picture 

regarding the biological performance of porous FeMn alloys is incomplete 

because most of the findings regarding their in vitro cytocompatibility is based 

on short-term in vitro tests (i.e., up to 7 days), while their osteogenic potential is 

hardly studied. 

The biodegradation rates of FeMn alloys have been reported to be lower in 

vivo than in vitro [21]. A selective laser-melted Fe25Mn alloy (with 66.7% 

porosity [13]) and Fe35Mn alloy (with 42.6% porosity [14]) have presented in 

vitro biodegradation rates of  0.25 mm/y and 0.42 mm/y, respectively. In vivo, 

another selective laser-melted Fe30Mn alloy (with a porosity range of 37.9–

47.2%) has shown a volume loss of 10.1–20.9% after 48 weeks of implantation 
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[15], corresponding to the degradation rates of 0.04 to 0.11 mm/y, which falls 

outside the desired range of biodegradation rates (i.e., 0.2–0.5 mm/y [22]). A 

slower biodegradation rate typically translates to improved biocompatibility of 

FeMn alloys, due to the decreased amounts of metallic ions released per unit time. 

A broad spectrum of biocompatibility is one of the most important 

prerequisites for biomaterials to be utilized in clinical settings [23]. The concerns 

regarding the biological response of porous FeMn alloys may delay their clinical 

adoption, despite the positive results of a number of in vivo studies [14,15]. To 

address this concern, FeMn alloys have been enriched with Ca [17], Cu [24], Si-

Ca [25], and hydroxyapatite [26] to reduce the combined release of Fe and Mn 

ions and their effects on cells. In addition to Ca, Mg/Si-based bioactive ceramics 

(e.g., akermanite and bredigite) have shown promise in improving the biological 

properties of pure Fe [27,28]. The magnesium content of these bioceramics can 

stimulate the osteogenic differentiation of cells [29], while silicon helps in the 

synthesis of collagen matrix and bone mineralization [30,31]. Indeed, adding 

akermanite (20 vol%) to pure Fe has been shown to enable continuous 

proliferation of bone cell and the secretion of collagen for biomineralization [28]. 

However, all these results pertain to pure iron and not FeMn alloys, for which the 

potential benefits of adding akermanite are unknown.  

Here, we propose 3D printed geometrically ordered porous FeMn-

akermanite composite to address all the abovementioned challenges regarding 

Fe-based biodegradable metals, including (i) a low rate of biodegradation, (ii) 

MRI incompatibility, (iii) uncertain biocompatibility, and (iv) a lack of bioactivity 

for bone regeneration. We developed an extrusion-based 3D printing technique 

via an ex situ AM route [32] to fabricate porous FeMn-akermanite composites, 

which have never been reported in the literature. Furthermore, we 

comprehensively evaluated the in vitro properties of the new composites, 

including their biodegradation behavior, electrochemical response, magnetic 

properties, mechanical performance before and after in vitro biodegradation, in 

vitro cytocompatibility with MC3T3-E1 cells, and their osteogenic potential 

assessed using Runx2 and osteopontin assays. 

7.2 Materials and methods 

7.2.1 FeMn-akermanite ink preparation 

Fe powder (purity = 99.88 wt%; spherical morphology; particle sizes < 63 

µm, Figure 7.1a) and Mn powder (purity = 99.86 wt%; irregular morphology; 

particle sizes < 45 µm, Figure 7.1b) were purchased from Material Technology 

Innovations Co. Ltd., China. Akermanite powder (Ca2MgSi2O7; containing 8.92 

wt% Mg; irregular morphology; particle sizes < 45 µm, Figure 7.1c) was produced 
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from tetraethyl orthosilicate [(C2H5O)4Si], magnesium nitrate hexahydrate 

[Mg(NO3)2·6H2O], and calcium nitrate tetrahydrate [Ca(NO3)2·4H2O] with a sol-

gel method, followed by calcination at 1300 °C for 3 h [33].  

 

 

Figure 7.1. The morphologies of (a) iron, (b) manganese, and (c) akermanite powders. 

 

Fe, Mn, and akermanite powder mixtures with 35 wt% Mn and either 20 or 

30 vol% akermanite, hereafter referred as Fe35Mn-20Ak and Fe35Mn-30Ak, 

respectively, were prepared using a roller mixer (CAT Zipperer GmbH, Germany) 

at 80 rpm for 18 h. The powder mixtures were blended with a hydro-ethanol 

binder containing 5 wt% hydroxypropyl methylcellulose (hypromellose Mw ~86 

kDa, Sigma Aldrich, Germany) [11]. The powder mixture in the inks corresponded 

to a volume ratio of 47.45%. The rheological characteristics of the inks were 

determined using an MCR302 rheometer (Anton Paar GmbH, Germany).  

7.2.2 Extrusion-based 3D printing, debinding and sintering 

The FeMn-Ak inks were extruded using a 3D BioScaffolder 3.2 printer 

(GeSiM Bio-instruments and Microfluidics, Germany) in a lay-down pattern 

design of 0° and 90° switching every other layer to build cylindrical porous 

specimens (ⲫ = 10 mm, h = 10.5 mm). The porous scaffolds were designed with a 

strut size of 410 µm, a strut spacing of 400 µm, a surface area of 40.4 cm2, and a 

relative porosity of 50% (Figure 7.2a). The extrusion-based 3D printing was 

performed under a printing speed of 3.5 mm/s under the printing pressures of 

325 kPa and 360 kPa for the Fe35Mn-20Ak and Fe35Mn-30Ak inks, respectively. 

After 3D printing, the green bodies were heat-treated, following the procedure 

described in Chapter 5, section 5.2.2.

7.2.3 Characterization of microstructure, porosity, and phase composition 

The dimensional changes caused by the sintering process were determined 

by measuring the diameters and heights of the specimens before and after. The 

porous morphology of the FeMn-Ak scaffolds was observed using a scanning 

electron microscope (SEM, JEOL JSM-IT100, Japan) and their strut 

characteristics (i.e., strut size and strut spacing) were measured. The chemical 

composition of the struts was determined using energy dispersive X-ray 
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spectroscopy (EDS, JEOL JSM-IT100, Japan). The cross sections of the as-

sintered Fe35Mn-30Ak struts were observed using SEM and the elemental 

compositions were determined using EDS map and EDS line analyses (JEOL 

JSM-IT100, Japan). In addition, the phases present in the composite scaffolds 

were identified using an X-ray diffractometer (XRD, D8 Advance, Bruker, USA) 

following the parameters described in Chapter 4, section 4.2.4. 

The absolute porosity values of the FeMn-Ak composites were determined, 

using dry weighing as described in Chapter 3 with Equation (3.2) and (3.3). The 

interconnected porosity of the scaffolds was determined by using the oil-

impregnation technique and calculated using Equation (3.4), following the ASTM 

standard B963-13 [34]. The theoretical density of the FeMn-Ak composites 

(ρFeMn-Ak) is 6.68 g/cm3 for Fe35Mn-20Ak and 6.22 g/cm3 for Fe35Mn-30Ak.  

7.2.4 Measurement of magnetic susceptibility 

The magnetic behavior of porous FeMn-Ak specimens (in triplicate, before 

and after 28 d of in vitro biodegradation) was assessed by exposing the specimens 

to a 2 T magnetic field in a vibrating sample magnetometer (VSM 7307, Lake 

Shore, USA). Geometrically similar porous pure Fe specimens were tested as the 

control group. Magnetic hysteresis loops were obtained and analyzed to 

determine the saturated and residual magnetization values, as well as the 

magnetic susceptibility of the specimens. 

7.2.5 Biodegradation tests 

Static immersion and characterization of the biodegradation products 

The FeMn-Ak composites were immersed in the revised simulated body fluid 

(r-SBF) solution [35] with a medium volume of 6.7 mL per 1 cm2 of the scaffold 

surface area [36] and an initial pH of 7.40 for 1, 4, 7, 14, and 28 d. The immersion 

tests were conducted under the conditions as described in Chapter 3, section 

3.2.4. During the immersion tests, the pH value of the medium was monitored 

using a pH electrode (InLab Expert Pro-ISM, METTLER TOLEDO, Switzerland). 

In addition, Fe2+, Mn2+, Ca2+, Mg2+, Si4+, and PO4
3- ion concentrations in the 

medium were measured at various time points using inductively coupled plasma-

optical emission spectrometry (ICP-OES, iCAP 6500 Duo, Thermo Scientific, 

USA). 

At the designated time points, the specimens were retrieved to characterize 

their morphology and determine the chemical composition of their 

biodegradation products using SEM and EDS (JEOL JSM-IT100, Japan). The 

phases present in the biodegradation products after immersion for 28 d were 

identified using XRD (D8 Advance, Bruker, USA). Furthermore, the 

biodegradation rates of the FeMn-Ak composites at the selected time points were 
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determined using mass loss measurements as described in Chapter 3, section 

3.2.4, following the ASTM standard G1-03 [37]. The remaining scaffold material 

was weighed and the average biodegradation rate was calculated with Equation 

(3.5), based on the ASTM standard G31-72 [38]. 

Electrochemical tests 

The electrochemical characteristics of the porous FeMn-Ak composites were 

studied using a Bio-Logic SP-200 potentiostat (Bio-Logic Science Instruments, 

France). The potentiostat was connected to a setup consisting of three electrodes, 

including an Ag/AgCl electrode as the reference electrode, a graphite bar as the 

counter electrode, and the porous specimen partially embedded in an acrylic 

resin as the working electrode. The biodegradation medium was r-SBF [35] with 

an initial pH of 7.40. The temperature was maintained at 37 ± 0.5 °C. The exposed 

surface area of the specimens was calculated, based on their initial designs. The 

three-electrode system was stabilized for 1 h to a steady open circuit potential 

(OCP). Then, linear polarization resistance (LPR) and electrochemical impedance 

spectroscopy (EIS) measurements were performed for up to 28 d, following the 

parameters described in Chapter 3, section 3.2.6. 

7.2.6 Mechanical characterization 

The compressive mechanical properties of the porous FeMn-Ak composites 

were evaluated before and after in vitro biodegradation tests (in triplicate) using 

a universal mechanical testing machine with a 100 kN load cell (Zwick Z100, 

Germany). The compression tests were conducted, following the ISO standard 

13314:2011 [39], at a crosshead speed of 3 mm/s. Based on the stress-strain 

curves, the compressive 0.2% offset stress (referred as the yield strength) and the 

quasi elastic gradient (referred as the Young’s modulus) were determined, as 

described in Chapter 3, section 3.2.7. 

7.2.7 Cytocompatibility evaluation 

Preculture of preosteoblasts 

Murine preosteoblasts (MC3T3-E1, Sigma Aldrich, Germany) were cultured 

in a flask in a cell culture incubator (temperature = 37 ± 0.5 °C, relative humidity 

(RH) = 95%, CO2 content = 5%). The cell culture medium contained the α-

minimum essential medium (α-MEM) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin (p/s). The cell culture medium 

components were purchased from Thermo Fisher Scientific, USA. 

Extracts of FeMn-Ak composites 

The extracts of the composite specimens were obtained by incubating the 

sterile specimens (ⲫ = 10.2 mm, h = 10.6 mm) in the cell culture medium (with a 
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ratio of 1 mL per 5 cm2 specimen surface area) for 72 h [40]. The surface area of 

the composites was calculated, using their initial design. Thereafter, the extracts 

were retrieved and filtered through a 0.22 µm pore (Merck Millipore, Germany). 

The concentrations of Fe2+, Mn2+, Ca2+, Mg2+, and Si4+ ions in the extracts were 

measured using ICP-OES (iCAP 6500 Duo, Thermo Scientific, USA). 

PrestoBlue assay 

Murine preosteoblasts (MC3T3-E1, 1 × 104 cells per well) were cultured in 

triplicate in a 48-well plate containing 200 µL of the above-described extracts. 

Preosteoblasts cultured in the normal cell culture medium were used as the 

negative control. After 1, 3, and 7 d of cell culture, the PrestoBlue reagent (Thermo 

Fisher Scientific, USA) was used to evaluate the metabolic activity of the cells, 

following the procedure described in Chapter 3, section 3.2.8, and calculated with 

Equation (3.7). 

Live-dead staining and SEM imaging 

Murine preosteoblasts (MC3T3-E1, 5 × 104 cells per specimen) were cultured 

on the FeMn-Ak specimens (ⲫ = 7.0 mm and h = 0.6 mm) in 6-well plates 

containing 8 mL of the cell culture medium (made of α-MEM, supplemented with 

10% FBS, 1% p/s, 1:1000 ascorbic acid, and 1:500 β-glycerophosphate). The 

specimens were cultured for 7 and 21 d (in triplicate for each time point). The 

viability of the preosteoblasts on the composite specimens was determined using 

calcein and ethidium homodimer-1 staining (Thermo Fisher Scientific, USA). The 

morphology of the cells was observed using SEM (JEOL JSM-IT100, Japan). 

Geometrically alike porous Ti6Al4V specimens were used as the controls for the 

cell morphology evaluation at the selected time points. 

Immunostaining of osteogenic markers 

The immunostaining of the preosteoblasts MC3T3-E1 cultured on the 

composite specimens was performed at day 14 for Runt-related transcription 

factor 2 (Runx2) and at day 21 for osteopontin (OPN). At the designated time 

points, the specimens were washed with phosphate buffer saline (PBS) and were 

fixated using 4% paraformaldehyde for 15 min, followed by permeabilization 

using 0.5% Triton/PBS (Sigma Aldrich, Germany). Consecutively, the specimens 

were individually incubated in well-plates containing 1% bovine serum albumin 

(BSA)/PBS with primary antibodies of anti-Runx2 anti-rabbit (1:250 per 

specimen, Abcam, UK) and anti-OPN anti-mouse (1:100 per specimen, Santa 

Cruz Biotechnology, USA). Thereafter, the specimens were washed using 0.5% 

Tween/PBS (Sigma Aldrich, Germany), followed by an incubation step in 1% 

BSA/PBS containing conjugated secondary antibodies of Alexa Fluor 488 anti-

rabbit (1:200, Thermo Fischer Scientific, USA) and Alexa Fluor 594 anti-mouse 
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(1:100, Thermo Fischer Scientific, USA). Subsequently, the specimens were 

washed using 0.5% Tween/PBS prior to imaging using a microscope (ZOE cell 

imager, Bio-Rad, USA). Geometrically alike porous Ti6Al4V specimens were used 

as controls for the Runx2 staining at day 14. 

7.2.8 Statistical analysis 

The statistical analysis of the PrestoBlue results was performed using a two-

way ANOVA, followed by a Tukey multiple comparison post hoc test (**** = p < 

0.0001, *** = p < 0.001, ** = p < 0.01, and * = p < 0.05, n.s. = not significant). 

 

 

 

 

Figure 7.2. (a) An illustration of extrusion-based 3D printing and the scaffold design. (b) The 

morphology of the as-printed Fe35Mn-30Ak specimens and (c) powder particle distribution on the 

struts. (d) An extrusion-based 3D-printed hip stem as well as a similarly produced acetabular cup. (e) 

The morphology of the as-sintered Fe35Mn-30Ak specimens and (f) powder particle distribution on 

the struts. (g) The chemical compositions of the scaffold struts obtained by EDS analysis. The cross 

signs with a number indicate the location of the EDS point analyses. 
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7.3 Results 

7.3.1 Characteristics of the porous FeMn-Ak composite scaffolds 

Extrusion-based 3D printing was successful in fabricating porous FeMn-Ak 

scaffolds (Figure 7.2a). The design of the lay-down pattern was such that the 

struts bridged above the underlying layers at 0° and 90° angles (Figure 7.2b, 

S7.2). In addition to the cylindrical specimens, the extrusion-based 3D printing 

was capable of fabricating geometrically complex implants (e.g., hip stem and 

acetabular components (Figure 7.2d)). Given that the success in 3D printing 

strongly depends on adequate powder loading in the ink as well as its rheological 

behavior (i.e., shear-thinning, Figure S7.1). On the struts of the green-body 

scaffolds (Figure 7.2b), individual powder particles (i.e., Fe, Mn, and akermanite) 

could still be discerned (Figure 7.2c), together with a relatively high mass% of 

carbon from the hypromellose binder (i.e., 6–19%, Figure 7.2g, EDS points 1-4).  

After debinding and sintering, the FeMn-Ak composite scaffolds maintained 

the original geometrical design (Figure 7.2e, S7.2) with minimal expansions of 1–

1.5% in height and 1.4–1.8% in diameter. The measured mean values of the strut 

size and strut spacing are listed in Table 7.1. The struts of the specimens featured 

an open micro-porous architecture with absolute porosities of 69% and 70% (± 

3%) for Fe35Mn-20Ak and Fe35Mn-30Ak, respectively. The interconnected 

porosity of both types of composite scaffolds was 69% ± 1%. The spherical 

particles found on the periphery of the Fe35Mn-30Ak struts were composed of Fe 

and Mn (EDS point 5 in Figure 7.2f-g). These spherical powder particles were 

decorated and occasionally connected by irregularly shaped particles that were 

mainly composed of Ca, Mg, Si, and O, in addition to traces of Fe and Mn (Figure 

7.2f-g, EDS points 6 to 8). Similar observations were made for the Fe35Mn-20Ak 

specimens (Figure S7.2). After sintering, the mass percentages of carbon on the 

struts of both types of scaffolds (i.e., 0.6–1.2%, Figure 7.2g, EDS points 5 to 8) 

were significantly decreased as compared to the green bodies.  

 

Table 7.1. The geometric characteristics of the extrusion-based 3D printed FeMn-Ak composite 

scaffolds. 

Sample group 
Strut width 

(µm) 

Strut spacing 

(µm) 

Fe35Mn-20Ak 419 ± 3 391 ± 3 

Fe35Mn-30Ak 414 ± 3 395 ± 4 
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On the cross-sections of the Fe35Mn-30Ak specimens, EDS mapping 

analysis indicated the diffusion of Fe and Mn into the akermanite particles 

(highlighted by boxes in Figure 7.3a). The depths of the elemental diffusion of Fe 

and Mn into the akermanite phase were measured to be ≈ 4.9 µm and > 28 µm, 

respectively (Figure 7.3b). XRD analysis revealed the presence of the γ-FeMn 

phase in the specimens, thereby confirming the successful in situ alloying of Fe 

with Mn during sintering (Figure 7.4a). In addition, the nesosilicate crystalline 

phases, including kirschsteinite (Ca(Fe)SiO4), glaucochroite (Ca(Mn)SiO4), and 

monticellite (Ca(Mg)SiO4), were identified (Figure 7.4a). The intensities of the 

nesosilicate phases were higher in the specimens containing with more 

akermanite.  

 

 

Figure 7.3. The cross-sections of the composite struts: (a) EDS map analysis in the region of interest, 

and (b) EDS line analysis across the interface of the FeMn alloy and the bioceramic. 
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Figure 7.4. The phase compositions of the composite scaffolds: (a) as-sintered and (b) after in vitro 

biodegradation for 28 d. (c, d)The magnetization curves of the FeMn-Ak specimens (as-sintered and 

after in vitro biodegradation for 28 d) at different graph scales in comparison with pure Fe. 

 

7.3.2 Magnetic properties 

The saturated magnetization of the FeMn-Ak composites in the presence of 

2 T magnetic field (i.e., 0.64 Am2/kg for Fe35Mn-20Ak and 0.71 Am2/kg for 

Fe35Mn-30Ak, Figure 7.4c), was 2–3 orders of magnitude lower than that of 

comparable pure Fe scaffolds (i.e., 190 Am2/kg). The residual magnetism values 

of the porous composites were low too (i.e., 0.05 and 0.06 Am2/kg for Fe35Mn-

20Ak and Fe35Mn-30Ak, respectively). After 28 d of biodegradation (Figure 

7.4d), the saturation magnetization values of the porous FeMn-Ak scaffolds only 

slightly increased (to 0.9 Am2/kg) but, nevertheless, remained multiple orders of 

magnitude below that of pure Fe. Along with in vitro biodegradation, the residual 

magnetism values of the porous composites decreased to 0.03 and 0.02 Am2/kg, 
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respectively. The magnetic susceptibility values of the porous composites were 

3.6 ± 0.2 (×10−3) for Fe35Mn-20Ak and 3.7 ± 0.4 (×10−3) for Fe35Mn-30Ak. After 

28 d of biodegradation, the values remained low (i.e., 4.0 ± 0.4 (×10−3) and 4.5 ± 

0.9 (×10−3) for Fe35Mn-20Ak and Fe35Mn-30Ak, respectively). As for the 

ferromagnetic pure Fe, the magnetic susceptibility value was 5.08 ± 0.05, which 

was three orders of magnitude higher than the values of the porous composites 

scaffolds. 

7.3.3 Biodegradability and the characteristics of the biodegradation 

products 

During the in vitro biodegradation tests, the typical yellow-brownish layer 

of Fe-based biodegradation products formed on the specimens (Figure 7.5a). 

Initially (i.e., at day 4), the scaffolds exhibited a high biodegradability, with 

corrosion rates of 1.27 ± 0.01 mm/y for Fe35Mn-20Ak and 1.36 ± 0.06 mm/y for 

Fe35Mn-30Ak. By day 28, the in vitro biodegradation rates of the porous 

composites had reduced to 0.24 ± 0.01 mm/y and 0.27 ± 0.04 mm/y, for 

Fe35Mn-20Ak and Fe35Mn-30Ak, respectively (Figure 7.5b). Until the end of the 

immersion tests (28 d), the global pH values of the r-SBF medium remained 

between 7.64 and 7.68, due to the controlled 5% CO2 atmosphere in the incubator. 

SEM (Figure 7.5c-e) revealed that the struts of the composite scaffolds were 

encapsulated by the degradation products that accumulated over the immersion 

time. The morphologies of the biodegradation products on  the periphery could 

be discerned from a particulate structure to a denser phase over time. The 

biodegradation products were composed of a mixture of Fe, Mn, C, and O 

elements (Figure 7.5f-h, S7.3). In addition, the biodegradation products on the 

struts of Fe35Mn-30Ak specimens contained Ca and P at all time points (Figure 

7.5f-h). In the degradation products of the Fe35Mn-20Ak scaffolds, however, only 

Ca was detected (Figure S7.3). The phases present in the biodegradation products 

of the porous specimens after 28 d of immersion were lepidocrocite (γ-FeOOH) 

and rhodochrosite (MnCO3, Figure 7.4b), which corresponded to the main 

chemical compositions identified by EDS. At the center of the composite scaffolds 

(Figure 7.5i, S7.3), the biodegradation products had formed over the pore 

networks of the struts and were largely composed of oxides. After biodegradation, 

the initially spherical Fe-Mn particles were decorated by irregularly shaped 

nesosilicate particles (Figure 7.2f) and exhibited rough particle surface 

characteristics, indicating localized corrosion that occurred on the interfaces of 

the powder particles (indicated by arrows in Figure 7.5i). Overall, the nesosilicate 

particles (mainly composed of Ca, Mg, Si, and O) could still be identified at the 

center of the composites (Figure 7.5i, S7.3). 
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Figure 7.5. The in vitro biodegradation characteristics of the porous composite scaffolds: (a) The 

visual inspection of the scaffolds after in vitro biodegradation at different time points and (b) the 

corresponding corrosion rates. (c-e) The morphologies and (f-h) chemical compositions of the 

biodegradation products on the periphery of the Fe35Mn-30Ak specimens after (c, f) 4, (d, g) 7, and 

(e, h) 28 d of biodegradation as well as (i) at the center of the specimens after 28 d of biodegradation. 

 

The concentrations of Fe2+, Mn2+, Ca2+, PO4
3-, Mg2+, and Si4+ ions in the r-

SBF medium along were measured during the course of the immersion tests 

(Figure 7.6). Fe2+ ions were steadily released from both the Fe35Mn-20Ak and 

Fe35Mn-30Ak specimens over time (i.e., from 0.23 ± 0.02 mg/L and 0.34 ± 0.02 

mg/L at day 4 to 0.90 ± 0.02 mg/L and 0.93 ± 0.06 mg/L at day 28, respectively, 

Figure 7.6a). The concentration of the Mn2+ ions released from the Fe35Mn-30Ak 

specimens was the highest at day 7 (i.e., 11.0 ± 0.3 mg/L) followed by decreasing 
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trend towards the end of the immersion tests at day 28 (i.e., 9.4 ± 0.4 mg/L). 

Mn2+ ions were continuously released from the Fe35Mn-20Ak specimens and the 

concentration increased from 6.2 ± 0.1 mg/L at day 4 up to 11.4 ± 0.3 mg/L at 

day 28 (Figure 7.6b).  

 

 

Figure 7.6. The concentrations of (a) Fe, (b) Mn, (c) Ca, (d) PO4, (e) Mg, and (d) Si ions in the r-SBF 

medium over biodegradation time. The dotted line indicates the initial concentration of Mg ions in 

the medium. 

 

The Ca2+ ion concentrations in the r-SBF medium decreased throughout the 

immersion period for all the composite specimens similarly (i.e., from 76 ± 1 

mg/L and 79 ± 4 mg/L at day 4 to 28 ± 1 mg/L at day 28, Figure 7.6c). In a similar 

trend, the PO4
3- ion concentration decreased over time, with a larger reduction 
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observed for the Fe35Mn-30Ak specimens during the first 7 days of immersion 

(Figure 7.6d). Moreover, the Mg2+ ion concentration in the r-SBF medium 

marginally increased over time, with the highest Mg2+ ion concentrations 

registered at day 4 (i.e., 46.7 ± 0.3 mg/L for Fe35Mn-20Ak and 48 ± 2 mg/L for 

Fe35Mn-30Ak, Figure 7.6e). The concentration of Si4+ ion increased from 2.83 ± 

0.3 mg/L and 3.8 ± 0.2 mg/L at day 4 to 3.9 ± 0.1 mg/L and 3.9 ± 0.3 mg/L at 

day 28 for the Fe35Mn-20Ak and Fe35Mn-30Ak specimens, respectively (Figure 

7.6f). 

 

 

Figure 7.7. The electrochemical responses of the porous composite scaffolds during 28 d of 

biodegradation: (a) OCP and (b) Rp values from the LPR tests. The Bode impedance and phase angles 

at the selected time points for the (c) Fe35Mn-20Ak and Fe35Mn-30Ak scaffolds. 

 

7.3.4 Electrochemical measurements 

Both the porous FeMn-Ak composites demonstrated decreasing OCP values 

during the 28 d of biodegradation (Figure 7.7a). At day 1, the OCP values were -

646 ± 9 mV for Fe35Mn-20Ak and -643 ± 23 mV for Fe35Mn-30Ak. At day 28, 

the OCP values decreased to -692 ± 7 mV and -673 ± 3 mV for the Fe35Mn-20Ak 

and Fe35Mn-30Ak specimens, respectively. The polarization resistance (Rp) 

values of the porous composites were 5 ± 2 kΩ.cm2 for Fe35Mn-20Ak and 

8 ± 2 kΩ.cm2 for Fe35Mn-30Ak at day 4 of immersion, which then increased to 
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10 ± 2 kΩ.cm2 and 11 ± 2 kΩ.cm2 at day 14 of immersion, respectively (Figure 

7.7b). At day 28, Rp stabilized at the values of 9.3 ± 0.4 kΩ.cm2 and 10.5 ± 0.4 

kΩ.cm2, respectively, for the Fe35Mn-20Ak and Fe35Mn-30Ak specimens. The 

Bode impedance values of the porous composites at a low frequency of 0.01 Hz 

slightly increased over the immersion period (Figure 7.7c-d). At day 4, the 

impedance magnitudes were 3.7 ± 0.3 kΩ.cm2 and 3.8 ± 0.9 kΩ.cm2 for the 

Fe35Mn-20Ak and Fe35Mn-30Ak specimens, respectively. At day 28, the 

impedance magnitudes marginally increased to 3.9 ± 0.1 kΩ.cm2 for both types 

of composites. At the mid-frequency of 100 Hz, the Bode impedance values of the 

Fe35Mn-20Ak specimens were relatively stable (i.e., 2.5 ± 0.1 kΩ.cm2 at day 4 

and 2.5 ± 0.2 kΩ.cm2 at day 28 of immersion, Figure 7.7c). However, the Bode 

impedance values of the Fe35Mn-30Ak specimens at the mid-frequency of 100 

Hz slightly decreased over time from 2.82 ± 0.05 kΩ.cm2 at day 4 to 2.57 ± 0.03 

kΩ.cm2 at day 28 of immersion (Figure 7.7d). Furthermore, the peak of the Bode 

plot phase angle did not shift during the biodegradation tests of the Fe35Mn-

20Ak and Fe35Mn-30Ak specimens, and remained in the high frequency region 

(e.g., 1–10 kHz) (Figure 7.7c-d). The Bode plot phase angles at high frequencies 

(e.g., 10 kHz) were relatively stable between -8° to -12° for the Fe35Mn-20Ak and 

Fe35Mn-30Ak specimens over the entire period of the immersion tests. 

 

7.3.5 Mechanical properties 

The composite scaffolds exhibited stress-strain curves with an initial linear 

elastic deformation, followed by plastic deformation, resembling the typical 

strain-hardening behavior of such materials (Figure 7.8a-b). The composite 

scaffolds (i.e., Fe35Mn-20Ak and Fe35Mn-30Ak) had yield strengths of 8.3 ± 0.6 

MPa and 3.1 ± 0.4 MPa, respectively. The Young’s modulus values were 0.53 ± 

0.03 GPa and 0.25 ± 0.04 GPa, respectively. Due to biodegradation, the yield 

strength of the Fe35Mn-20Ak specimens reduced to 4.1 ± 0.7 MPa at day 7, and 

to 1.8 ± 0.6 MPa at day 28 (Figure 7.8c). The Young’s modulus of the Fe35Mn-

20Ak specimens also decreased to 0.17 ± 0.02 GPa at day 7, and to 0.09 ± 0.01 

GPa at day 28 (Figure 7.8d). For the Fe35Mn-30Ak specimens, the yield strength 

and Young’s modulus decreased to 2.5 ± 0.7 MPa and 0.17 ± 0.06 GPa after 7 

days. The Fe35Mn-30Ak scaffolds did not exhibit strain-hardening after 14 and 

28 d of biodegradation (Figure 7.8b). The compressive strength values were 4.5 

± 0.3 MPa at day 14 which decreased to 3.9 ± 0.9 MPa at day 28 (Figure 7.8c) 

while the Young’s modulus values were reduced to 0.057 ± 0.005 GPa at day 14 

and 0.034 ± 0.009 GPa at day 28 (Figure 7.8d).  
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Figure 7.8. The compressive mechanical properties of the porous composite scaffolds: the stress-

strain curves of the (a) Fe35Mn-20Ak and (b) Fe35Mn-30Ak scaffolds, and variations in the (c) yield 

strength and (d) Young’s modulus with biodegradation time. The asterisk symbols indicate the 

compressive strength values of the Fe35Mn-30Ak scaffolds after 14 and 28 d of biodegradation. 

 

7.3.6 Metabolic activity of cells cultured with the extracts of the composites 

The Fe35Mn-20Ak extracts contained 61 ± 2 mg/L of Fe2+ ions, 35.3 ± 0.6 

mg/L of Mn2+ ions, 73.3 ± 0.6 mg/L of Ca2+ ions, 40.7 ± 0.6 mg/L of Mg2+ ions, 

and 6 ± 1 mg/L of Si4+ ions. In the Fe35Mn-30Ak extracts, the ionic 

concentrations were 68.7 ± 1.2 mg/L of Fe2+, 30.3 ± 0.6 mg/L of Mn2+, 104 ± 2 

mg/L of Ca2+, 36.3 ± 0.6 mg/L of Mg2+, and 7.3 ± 0.1 mg/L Si4+. The 

preosteoblasts were metabolically active (grade 1, non-toxic [41]) in the 

composite extracts of 25% and 50% (Figure 7.9a-b). In the 75% extracts of 

Fe35Mn-20Ak (Figure 7.9a), the preosteoblasts showed a decline in their 

metabolic activity (grade 2, fairly reactive [41]). However, in the 75% extracts of 

Fe35Mn-30Ak, the cells were still metabolically active (Figure 7.9b, grade 1, non-

toxic [41]). The cellular metabolic activities were suppressed (grade 4, severely 

reactive [41]) only when cultured with the 100% extracts. 
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Figure 7.9. The cytocompatibility and bioactivity of the porous composite scaffolds assessed using 

the MC3T3-E1 preosteoblasts: the metabolic activity of the cells after culture with the extracts of the 

(a) Fe35Mn-20Ak and (b) Fe35Mn-30Ak specimens. The live/dead staining and morphology of the 

cells cultured on the (c, d) Fe35Mn-20Ak and (e, f) Fe35Mn-30Ak specimens at day 7 and 21. (g-h) 

The immunostaining of Runx2 at day 14 and OPN at day 21. **** = p < 0.0001, *** = p < 0.001, and 

** = p < 0.01 

 

7.3.7 Morphology and osteogenic differentiation of cells on the composites 

Live/dead fluorescent images showed the viability of the preosteoblasts 

cultured on the composite specimens after 7 and 21 d (Figure 7.9c-d). The 

preosteoblasts adhered on the surfaces of the composites and exhibited elongated 

cell morphologies and extended filopodia. A monolayer of cells had formed at day 

7, covering the struts of the specimens (Figure 7.9e-f). The cell layer thickened at 

day 21 (Figure 7.9e-f), showing that cells proliferated over time on the composite 

specimens, which was comparable to those observed on Ti6Al4V specimens 

(Figure S7.4). Moreover, the preosteoblasts cultured on the FeMn-Ak composite 

specimens exhibited cues of osteogenic differentiation. The Runx2 proteins were 
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expressed at day 14, showing that the osteogenic differentiation of the cells had 

occurred (Figure 7.9g-h) comparable to the levels observed for the Ti6Al4V 

specimens (Figure S7.4). The cells were surrounded by precipitates, which were 

more clearly visible on day 21. The precipitates were integrated into the cell layers 

and contained Ca and P (Table 7.2), which may indicate an initial stage of in vitro 

biomineralization. This observation was confirmed by the visualization of OPN 

proteins at day 21, indicating biomineralization (Figure 7.9g-h). A higher 

intensity of OPN proteins could be observed on the Fe35Mn-30Ak specimens 

than on the Fe35Mn-20Ak. 

 

Table 7.2. The chemical compositions of the biodegradation products on the composites during cell 

culture as determined by EDS analysis. 

EDS points C O Na P K Ca Mn Fe 

Fe35Mn-20Ak 

D7 

1 19.38 18.68 6.29 13.58 - 10.30 7.21 24.56 

2 16.25 28.11 8.80 8.53 1.38 8.98 6.97 20.97 

Fe35Mn-20Ak 

D21 

3 23.09 34.84 1.58 5.08 0.43 4.96 9.26 20.75 

4 12.15 31.19 1.54 9.04 0.73 6.64 8.44 30.20 

Fe35Mn-30Ak 

D7 

5 11.79 26.67 9.85 11.60 - 8.30 5.88 25.90 

6 10.53 25.84 8.73 12.78 1.63 9.21 5.46 25.81 

Fe35Mn-30Ak 

D21 

7 7.28 9.45 9.34 13.94 1.40 9.42 6.10 43.07 

8 16.42 30.07 6.29 7.49 0.91 5.27 7.42 26.12 

 

7.4 Discussion 

The newly developed porous biomaterials made of Fe, Mn, and akermanite 

successfully satisfied all the requirements of porous biodegradable Fe-based 

scaffolds for bone substitution. The FeMn-Ak composite scaffolds produced by 

extrusion-based 3D printing demonstrated (i) enhanced biodegradability at  the 

rates of 0.24–0.27 mm/y that are in the suggested range of suitable 

biodegradation rates for ideal bone substitutes (i.e., 0.2–0.5 mm/y [22]); (ii) a 

very low saturated magnetization and magnetic susceptibility, confirming the 

MRI-compatibility of the composite materials; (iii) sufficient mechanical 

properties even after 28 d of biodegradation (i.e. σy = 1.8–8.3 MPa and E = 0.03–
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0.53 GPa) which mimicked the mechanical properties of the trabecular bone [42]; 

and (iv) a functional environment for the adhesion, proliferation, and osteogenic 

differentiation of preosteoblasts MC3T3-E1. The combined effect of such 

favorable properties puts the porous composites developed here as one of the top-

rank AM Fe-based bone substitutes and encourages in vivo studies on such 

biomaterials. 

7.4.1 Extrusion-based 3D printing of the composite scaffolds 

Extrusion-based 3D printing is a viable fabrication technique to produce 

geometrically complex structures suitable for orthopedic applications [43,44]. 

Here, we demonstrated the capability of 3D printing to fabricate prototype hip 

stem and acetabular cup (Figure 7.2d) in addition to the cylindrical specimens. 

The success in extrusion-based 3D printing essentially relies on the choice of a 

binder that possesses suitable viscoelastic properties. We made choice of a binder 

made of hypromellose for its shear thinning property (Figure S7.1) to enable the 

smooth extrusion of the FeMn-Ak-containing inks (Figure 7.2). Hypromellose 

polymers have been utilized for extrusion-based 3D printing of various 

metal/ceramic-based inks [45–47]. In addition to the binder, the chemical 

interactions between the powder particles and binder must be considered. For 

example, the viscosity of the FeMn-Ak ink increased as the akermanite content 

increased to 30 vol% (Figure S7.1). Akermanite powder is hydrophilic [48], 

meaning that powder particles can tightly adhere to the hypromellose binder. 

Consequently, a higher 3D printing pressure was required for the Fe35Mn-30Ak 

ink as compared to Fe35Mn-20Ak. A sufficient powder-to-binder ratio is another 

important parameter to ensure the stability of the extruded struts, enabling the 

fabrication of the scaffolds with a high aspect ratio.  

Robust green bodies of the FeMn-Ak scaffolds were successfully constructed 

during the 3D printing of the metal-ceramic inks (Figure 7.2b-c). After 3D 

printing, the green bodies were subjected to debinding at the temperature where 

the hypromellose binder decomposed (i.e., at 350 °C) [11]. Subsequently, the 

brown bodies were sintered to form the composites. The as-sintered FeMn-Ak 

composite scaffolds preserved the original macro-pore design with a laydown 

pattern of 0°/90° angle (Figure 7.2e). Such a scaffold architecture has been found 

to perform well in vivo in critical-size rat skull and sheep tibia defects [49,50]. In 

addition to the macro-pores, the struts of the composites possessed open micro-

pores (Figure 7.2e-f), which increased the total interconnectivity of the pore 

networks to 99%.  

We supplemented Fe with a 35 wt% Mn to ensure the formation of the γ-

austenite Fe-Mn phase, thereby ensuring the anti-ferromagnetic behavior of the 

in situ formed alloy [7]. The inclusion of 20–30 vol% akermanite was aimed to 
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provide bioactive properties. In addition, interfacial bonding between Fe, Mn, 

and akermanite is of equal importance for obtaining bone-substituting scaffolds 

with sufficiently high mechanical performance. Sintering (i.e., at 1200 °C) 

facilitated multiple diffusion processes, which was an effective way to engage 

every component in the multi-material scaffolds, realizing the intended material 

biofunctionalities.  

The occurrence of diffusion was clearly observed in the cross-sectional 

analyses of the composite scaffolds (Figure 7.3). At a high temperature, Mn is 

known to be volatile [51]. The compact configuration of the as-printed scaffold 

struts (Figure 7.2b-c) allowed volatile Mn to diffuse into Fe and the akermanite 

particles. Overall, the diffusion of Mn into Fe appeared to be homogenous (Figure 

7.3a), resulting in the formation of the γ-austenite Fe-Mn phase in the scaffolds 

(Figure 7.4a). Near the interface of the Fe-Mn alloy to the akermanite phase, the 

mass% value of Mn in the Fe matrix decreased to about 31–32 wt%. This is 

expected because Mn diffuses into the neighboring bioceramic particles (Figure 

7.3b). 

In addition to the diffusion of Mn into Fe and that of Mn into the bioceramic, 

Fe dispersed into the bioceramic particles. The diffusion of Fe into silicate-based 

bioceramics has been reported at the interface of  both materials, without new 

phases forming [27,52]. In the present composite scaffolds, an intense level of 

diffusion of Fe into the bioceramic phase was observed (Figure 7.3b). Fe diffused 

approximately 3.2 µm deeper into the akermanite phase than what was previously 

observed in Fe-Ak composite scaffolds [28]. During the formation of  the Fe-Mn 

solid solution, the α-Fe crystal structure (i.e., body-centered cubic) had 

transformed into a γ-FeMn crystal structure (i.e., face-centered cubic) that 

provides more atomic packing, hence enabling more Fe diffusion into the 

bioceramic phase.  

In addition to the γ-austenite Fe-Mn phase in the scaffolds (Figure 7.4a), the 

diffusion of Fe and Mn into akermanite displaced the locations of Ca, Mg, and O 

in the lattice structure. Consequently, a mixture of nesosilicate crystalline phases, 

including kirschsteinite (Ca(Fe)SiO4), glaucochroite (Ca(Mn)SiO4), and 

monticellite (Ca(Mg)SiO4), was formed (Figure 7.4a). The XRD peaks of the 

nesosilicate phases could not be easily distinguished, since these phases have the 

same crystal structure (i.e., orthorhombic). The presence of these nesosilicate 

phases could still be beneficial for bone regeneration. The monticellite phase has 

been reported to stimulate the adhesion and proliferation of osteoblasts [53]. 

Moreover, the penetration of Fe into akermanite tends to enhance the apatite-

forming ability of the material [54]. Finally, Mn-doped calcium silicate is 

reported to promote bone regeneration in vivo [55]. 
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7.4.2 Magnetic characteristics of the composite scaffolds 

To have MRI compatibility of the first kind, the magnetic susceptibility value 

of a bone-substituting material under the hydrated condition must be < 10−2 [56]. 

The magnetic susceptibility values of the porous composites were 3.6 and 4.5 ×10-

3 before and after in vitro biodegradation, respectively, confirming that the 

developed biomaterials are paramagnetic and MRI-friendly. The γ-austenite Fe-

Mn phase formed during sintering guaranteed the anti-ferromagnetic property of 

the composite scaffolds (Figure 7.4) [57]. The magnetic properties of the scaffolds 

were comparable to the values found in the literature [11,16,57,58]. Our results 

showed that the FeMn-Ak composites fall into the same category of magnetic 

compatibility as Ti6Al4V and non-magnetic stainless steel [56]. While such 

materials do not react strongly to the applied magnetic field of MRI (i.e., at 2 T), 

some MRI image artefacts may be present. Such image interference is almost 

inevitable for most paramagnetic implantable medical devices during MRI 

imaging. This is due to the huge differences between the magnetic susceptibility 

of the paramagnetic medical devices (i.e., magnetic susceptibility values of 10−5–

10−2) and the surrounding tissue that is mostly diamagnetic (e.g., magnetic 

susceptibility value -9 × 10−6) [56,59]. Nonetheless, the volume of MRI image 

artefacts can be reduced by introducing a porous geometry design into the 

implant material [60,61].  

7.4.3 Biodegradation behavior of the composite scaffolds 

The FeMn-Ak composite scaffolds biodegraded at the rates of  0.24–0.27 

mm/y that are within the suggested range of biodegradation rates suitable for 

ideal bone substitutes (i.e., 0.2–0.5 mm/y [22]). The biodegradation rates of the 

composite scaffolds are, indeed, much higher than those of pure Fe [6], Fe-Mn 

alloys [11], and Fe-Ak composites [28] previously fabricated by extrusion-based 

3D printing, and are comparable to those of porous Fe30Mn-hydroxyapatite 

fabricated by applying the space holder technique [26]. The enhanced 

biodegradability of the materials is mainly due to the alloying of Mn into the Fe 

matrix and the addition of akermanite powder particles. In addition, the 

composite scaffolds had a high pore interconnectivity that provided a large 

surface area for the initiation of biodegradation. 

The γ-FeMn phase in the composite scaffolds lowers their standard electrode 

potential, thus increasing their tendency to corrode [16]. The nesosilicate phases 

formed in the composite scaffolds also influenced the biodegradation behavior. 

In general, silicate-based bioceramics are known for their favorable 

biodegradability [62,63]. Monticellite has a similar solubility to diopside [64], 

while the solubilities of the kirschsteinite and glaucochroite phases in the 

physiological condition are yet to be investigated. In the scaffold struts, the 
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nesosilicates particles were randomly distributed and decorated the surfaces of 

Fe-Mn alloy particles (Figure 7.2f). The bonding of the materials with multi-

phases (i.e., γ-FeMn and nesosilicate phases) may promote local galvanic 

corrosion, which was, indeed, observed on the cross-section of the biodegraded 

specimens. The Fe-Mn alloy particles exhibited typical pitting corrosion 

characteristics on their surface (as indicated by arrows in Figure 7.5i).  

During biodegradation, Fe, Mn, Ca, Si, and Mg ions were released from the 

composite scaffolds (Figure 7.6). The ions reacted with the components in the r-

SBF medium and formed precipitates (Figure 7.5). The biodegradation 

precipitates on the composite scaffolds were predominantly made of 

lepidocrocite (γ-FeOOH) and rhodochrosite (MnCO3, Figure 7.4b). These 

degradation by-products are expected, as Fe and Mn are the two main 

constituents in the material composition of the scaffolds. The γ-FeOOH and 

MnCO3 degradation products are identified in other studies on Fe-Mn alloys as 

well [65–68]. Despite the formation of Fe- and Mn-based precipitates (Figure 

7.5), the increasing concentration of Fe2+ ions over time and the high 

concentration of Mn2+ ions in the medium collected over the 28 days of 

immersion showed the good biodegradability of the specimens (Figure 7.6a-b). 

The concentration of Mn2+ ions reached values up to 30 times higher than that of 

Fe2+ ions after only 1 day of immersion. The values remained up to 13 times higher 

by day 28 (Figure 7.6b). The higher concentration of Mn2+ ions as compared to 

Fe2+ ions implies that the precipitation of Fe-based biodegradation products was 

favored (Figure 7.4b). Such excessive release of Mn2+ ions has also been reported 

in previous studies and is strongly correlated to the 5% CO2 atmospheric 

condition and the availability of bicarbonate ions (HCO3
-) in the biodegradation 

medium [66,67,69]. 

The Ca-based precipitates were vastly present on the periphery of the 

composite scaffolds too (Figure 7.5f-h). Unlike Fe-Ak composite scaffolds [28], 

however, crystalline Ca-based products were not identified. This may be because 

the concentration of the Ca2+ ions released from the nesosilicate phases in the 

FeMn-Ak scaffolds has been inadequate to form a stable CaCO3 phase (Figure 

7.6c). Moreover, the release of Mn2+ ions was substantial throughout the 

immersion period (Figure 7.6b). The precipitation of the MnCO3 phase has, 

therefore, been thermodynamically more favorable than the CaCO3 phase [70]. 

Despite the absence of crystalline Ca-based precipitates, the Ca2+ and PO4
3- ions 

in the r-SBF medium decreased over time (Figure 7.6c-d), which suggested the 

potential formation of amorphous calcium phosphate or calcium carbonate, as 

biodegradation occurred in the 5% CO2 environment. The amorphous Ca-based 

degradation products have been reported to be beneficial for the regeneration of 

bone tissue  [71–74]. 
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Mg- and Si-containing biodegradation products were not observed on the 

periphery of the biodegradation products (Figure 7.5f-h). That is because the 

concentrations of the Mg2+ and Si4+ ions released from the FeMn-Ak specimens 

on day 28 (Figure 7.6e-f) were, respectively, 2 and 6 times lower than those 

reported during the biodegradation of Fe-Ak composite scaffolds [28]. Our 

results imply that the nesosilicate bioceramic phases are more stable than pure 

akermanite, which is in line with the literature [54,55]. When Fe3+ had partially 

substituted the crystal lattice of akermanite, the release of Ca2+, Mg2+, and Si4+ 

ions during biodegradation was lower than the values reported for pure 

akermanite [54]. A decreasing ion release profile was also reported, when Mn2+ 

diffused into calcium silicate [55]. Nevertheless, the slower dissolution of the 

nesosilicate phases means that the bioceramic particles could stay longer in the 

matrix (Figure 7.5i) and provide silica-rich surfaces that act as nucleation sites 

for apatite formation [63], encouraging osteoconductivity.  

The observed biodegradation behavior is intimately linked to the 

electrochemical responses of the composite scaffolds over time. The decreasing 

OCP values during the immersion tests (Figure 7.7a) indicate that the base 

material of the FeMn-Ak composites has been susceptible to corrosion, despite 

the thickening of the biodegradation products. The biodegradation precipitates 

moderately limited the mass transport of material during corrosion, which could 

be recognized from the decrease in the rate of biodegradation (Figure 7.4b) and 

the marginal increase in the Rp value over time (Figure 7.7b). The Bode 

impedance modulus in the low frequency region, which are indicative of the 

corrosion resistance of the material, exhibited a slight increasing trend similar to 

the ones seen for the Rp values (Figure 7.7c-d). On the other hand, the values of 

the Bode impedance modulus in the mid-frequency region, which are indicative 

of the evolution of the corrosion products, were relatively stable over time. The 

peak of the Bode plots phase angles did not shift from a higher frequency to a 

lower frequency when exposed to r-SBF for 28 d (Figure 7.7c-d), which suggests 

that the partial growth and dissolution of the corrosion products is near-

equivalent. Corresponding to the trend of OCP values, the peaks of the Bode plot 

phase angle at high frequencies (e.g., 10 kHz) remained close to 0°, indicating 

that the material had a propensity to corrode [75,76]. Altogether, our results 

demonstrated that the rate and mechanism of biodegradability of the composite 

scaffolds developed here, and the associated biodegradation products supported 

their intended use as temporary bone substitutes. 

7.4.4 Mechanical properties of the composite scaffolds 

The structural integrity of biodegradable implants is of great importance and 

should be maintained until newly formed bone takes over the role of mechanical 
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support. As compared to geometrically similar scaffolds made from Fe35Mn alloy 

[11], the Fe35Mn-20Ak composite scaffolds developed here exhibited a higher 

yield strength and elastic modulus. However, the Fe35Mn-30Ak composite 

scaffolds exhibited lower mechanical properties than the Fe35Mn alloy scaffolds 

[11]. Increasing the content of the reinforcing akermanite particles from 20 to 30 

vol% decreased the yield strength and the elastic modulus of the resulting 

biomaterial (Figure 7.8). This is likely due to the embrittlement effect of the 

bioceramic phase on the metal matrix [77–79]. Nevertheless, both the FeMn-Ak 

composite scaffolds developed in this study exhibited trabecular bone-mimicking 

mechanical properties [42] (i.e., σy = 3.1–8.3 MPa and E = 0.3–0.5 GPa) even 

after 28 d of biodegradation. 

For any scaffolds containing multiple materials, strong bonding at the 

interface of the materials is required to ensure smooth load transfer from the 

matrix to the reinforcing phases so as to prevent premature failure of the 

material. On the other hand, the interfacial bonding of the phases can act as the 

initiation sites for localized corrosion, which may adversely influence the 

mechanical integrity of the material during biodegradation. In the FeMn-Ak 

composites, the diffusion of Fe and Mn into the bioceramic phase was clearly 

observed along with the newly formed bioceramic phases (Figure 7.3, 7.4a). The 

diffusion resulted in strong bonding of the multi-material phases, thus leading to 

the higher yield strength and elastic modulus of the Fe35Mn-20Ak scaffolds as 

compared to those of the Fe-20Ak specimens [28]. 

During biodegradation, the mechanical properties of the FeMn-20Ak 

specimens decreased with time, as has been the case for Fe-Ak [28] and Fe-TCP 

[80] composites. The Fe35Mn-30Ak specimens turned brittle. Given the 

deteriorating effects of 28 d of biodegradation and the negligible strengthening 

effects of the precipitated degradation products, the mechanical properties of the 

Fe35Mn-30Ak scaffolds were expected to decrease. It should, however, be noted 

that the composite scaffolds did not fail prematurely despite their fast 

biodegradation over a period of 28 d. 

7.4.5 Cytocompatibility and osteogenic potential of the composite scaffolds 

In the development of osteoregenerative biodegradable materials, 

cytocompatibility and osteogenic responses are of great importance. The FeMn-

Ak composite scaffolds developed  here enabled the preosteoblasts MC3T3-E1 to 

be metabolically active (Figure 7.9a-b) while supporting their adherence to the 

specimens and their proliferation on the surface of the specimen struts (Figure 

7.9c-f). In addition, the precipitated minerals, which could be a combination of 

biodegradation products and apatite, integrated well into the cellular matrix 

(Figure 7.9e-f, Table 7.2). The composite scaffolds enabled the osteogenic 
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differentiation of the cells, as evidenced by the expression of Runx2. At the later 

time points, the visualized OPN matrix indicated the occurrence of in vitro 

biomineralization (Figure 7.9g-h).  

Initially, we studied the metabolic behavior of the MC3T3-E1 preosteoblasts 

cultured with the extracts of the composite specimens. The inhibition of the 

preosteoblasts growth (IC50) has been reported at 53 mg/L Fe ions and 5 mg/L 

Mn ions [81]. We observed that the preosteoblasts metabolic activity declined in 

the extracts of the composite scaffolds with high concentrations (Figure 7.9a-b). 

In the 100% extracts, the concentration of Fe2+ ions alone would be high enough 

to inhibit the metabolic activity of the cells. While the concentration of Fe2+ ions 

reduced to a safe value in the 75% extracts, the concentration of Mn2+ ions in both 

extracts remained high enough to adversely affect cell activity, as observed in the 

75% Fe35Mn-20Ak extracts (Figure 7.9a). Interestingly, the high concentration 

of Mn2+ ions in the 75% Fe35Mn-30Ak extracts did not negatively influence the 

metabolic activity of the preosteoblasts (Figure 7.9b). This could be due to the 

presence of a higher concentration of bioactive ions released from the silicate-

based ceramics in the Fe35Mn-30Ak specimens. When further diluted (i.e., 

2× and more), the preosteoblasts were metabolically active despite the fact that 

the concentration of Mn ions (i.e., 15–18 mg/L) was still higher than the reported 

IC50 value. Bone tissue is known to have a large amount of Mn reserve [82], which 

may explain the cytocompatibility of the preosteoblasts in the 50% and 25% 

FeMn-Ak extracts. 

Furthermore, we evaluated the growth of the preosteoblasts directly 

cultured on the specimens. We used a high ratio of the cell culture medium to the 

surface area of the specimen to more closely mimic the conditions experienced by 

the specimens in the human body. Our results demonstrated the adhesion and 

proliferation of cells on both types of composite scaffolds (Figure 7.9c-f), which 

were comparable to one of the currently most widely used materials for 

permanent bone implants (i.e., Ti6Al4V, Figure S7.4) and bioactive Fe-Ak [28]. 

The in vitro biological responses of the cells on the composites were improved as 

compared to the cell responses observed on geometrically similar Fe [6] and Fe-

35Mn alloy specimens [11]. These comparisons confirm that the enhanced 

cytocompatibility of the developed biomaterials is due to the addition of the 

silicate-based bioceramics into their matrix. The direct cell culture results did not 

show any visual differences in the cell proliferation on the composite specimens, 

unlike the results from the indirect cell culture. This is most likely because the 

cells were continuously exposed to the FeMn-Ak extracts in the indirect cell tests, 

while the cells received a fresh cell culture medium in the direct cell tests. The 

metallic ions, therefore, did not accumulate to cause cytotoxicity. 
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In addition to cell proliferation, enabling the osteogenic differentiation of 

cells is an essential biofunctionality for bone substitutes. Osteoblasts are 

responsible for the synthesis of proteins and the secretion of the matrix (e.g., 

OPN) to generate de novo bone [83]. Our scaffolds allowed for the differentiation 

of preosteoblasts, expressed by Runx2 proteins (Figure 7.9g-h), similar to the 

observation on Ti6Al4V (Figure S7.4). Then, the OPN proteins were deposited on 

the composite specimens in a matrix-like structure (Figure 7.9g-h). OPN is often 

expressed by mineralized tissue [84], suggesting that in vitro biomineralization 

occurred on the composites. We also observed the precipitation of minerals 

integrated into the cell layers, which strengthened the evidence of the occurrence 

of the biomineralization (Figure 7.9e-f, Table 7.2). Overall, the in vitro biological 

performance of FeMn-Ak composite specimens was comparable to that of Fe-Ak 

composites [28], despite the fact that akermanite in the FeMn-Ak specimens was 

transformed into nesosilicate crystalline phases. Taken together, our findings 

demonstrate the potential of the developed 3D printed FeMn-Ak porous 

biomaterials for use as osseoinductive bone substitutes. 

7.5 Conclusion 

We developed two novel types of bone-substituting 3D printed 

biodegradable FeMn-akermanite composite scaffolds. Our thorough 

characterization of these biomaterials showed that they offer suitable rates of 

biodegradability, are MRI-friendly and osteogenic, and mimic the trabecular 

bone in terms of mechanical properties. The porosity and pore interconnectivity 

of the composites were both high to meet their functional requirements. The in 

vitro biodegradation rates of the composites fell into the range of the desired 

values for ideal bone substitution. The γ-FeMn phase in the composite matrix 

made the biomaterials weakly paramagnetic, allowing the composites to be 

classified as first kind MRI-friendly biomaterials. The mechanical properties of 

the porous composite remained in the range of the mechanical properties of the 

trabecular bone, despite the decreasing trend due to in vitro biodegradation. The 

preosteoblast MC3T3-E1 cell line showed a positive in vitro biological response 

to the composite materials, as evidenced by the good adhesion and proliferation 

of the cells. Furthermore, the composites allowed the cells to differentiate and 

exhibit the hallmarks of biomineralization. Altogether, our results evidently show 

the remarkable potential of the FeMn-Ak composites in fulfilling all the 

requirements of porous biodegradable bone substitutes, encouraging further 

research towards their clinical translation.  
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7.6 Supplementary material  

 

Figure S7.1. Rheological properties of the FeMn-akermanite-containing inks: (a) the viscosity and 

(b) shear stress as a function of shear rate. 
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Figure S7.2. (a) The morphology of the as-printed Fe35Mn-20Ak specimens and (b) powder particle 

distribution on the struts. (c) The morphology of the as-sintered Fe35Mn-20Ak specimens and (d) 

powder particle distribution on the struts. (e) The chemical compositions of scaffold struts obtained 

by EDS. The cross signs with a number indicate the location of the EDS point analyses. 
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Figure S7.3. (a-c) The morphologies and (d-f) chemical compositions of the biodegradation 

products on the periphery of Fe35Mn-20Ak specimens after (a, d) 4, (b, e) 7, and (c, f) 28 d of 

biodegradation as well as (g) at the center of the specimens after 28 d of biodegradation. 
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Figure S7.4. The morphologies of the cells on the Ti6Al4V scaffolds at (a) day 7 and (b) day 21, and 

(c) Runx2 immunostaining at day 14. 
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“Vaya Dhamma Sankhara.  Appamadena sampadetha: 

It is the nature of all conditioned things to perish. 

Accomplish all your duties with mindfulness.” 

Buddha Gautama  
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8.1 Main findings 

In this thesis project, we developed porous biodegradable Fe-based scaffolds 

fabricated through extrusion-based 3D printing technology and comprehensively 

studied their characteristics, while progressively approaching the destination of 

fulfilling all the requirements for bone substitution. The overall aim was to bring 

Fe-based biomaterials closer to their orthopedic application. We first fabricated 

porous pure Fe scaffolds and thoroughly examined the characteristics of their 

porous structure upon 3D printing and sintering. We then investigated their in 

vitro biodegradation behavior, electrochemical responses, uniaxial compressive 

mechanical properties along with in vitro biodegradation, and cytocompatibility. 

We recognized the strong need to enhance the degradation rate further and 

improve the biocompatibility of Fe-based biomaterials. Then, we applied a non-

biodegradable coating onto the Fe scaffolds and compared the characteristics and 

properties of the scaffolds with and without the coating. In the meantime, we felt 

the necessity for modifying the material chemistry to resolve the issues of pure Fe 

scaffolds concerning their ferromagnetic behavior and lack of bioactivity. We 

then implemented the multi-material additive manufacturing (AM) strategy by 

alloying Fe with Mn and reinforcing Fe with akermanite and thoroughly 

evaluated the performance of  the scaffolds, including the magnetic behavior and 

osteogenic potential. With the expected benefits gained individually from alloying 

and compositing, we developed the FeMn-akermanite composite scaffolds, taking 

advantage of the multi-material capacity of extrusion-based 3D printing. Our 

results clearly demonstrated that the extrusion-based 3D printed porous FeMn-

akermanite scaffolds could fulfill all the requirements for bone substitution in 

vitro. Here, we summarize the main findings of this thesis project: 

1. Extrusion-based 3D printing can be used to fabricate porous Fe-based 

scaffold materials. The porous structure is fully interconnected, including 

precisely controlled macropores as well as randomly distributed micropores 

in the struts. 

2. Porous Fe alone is not suited for use as a biodegradable bone implant 

material. 

3. A non-biodegradable polymer coating on the surface of porous Fe alters the 

morphology and chemistry of the biodegradation products and improves the 

biodegradation profile of pure Fe scaffolds. However, the PEtOx coating 

cannot provide the coated scaffold material with bioactive properties needed 

for bone substitution. 
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4. Ex situ alloying of Fe with Mn results in FeMn alloys containing the γ-FeMn 

phase that is paramagnetic and MRI-friendly, even after 4 weeks of in vitro 

biodegradation. The same paramagnetic behavior is present in the FeMn-Ak 

composite scaffolds as well. 

5. Porous FeMn alloys (with 30–35 wt% Mn) and Fe35Mn-Ak composites (with 

20 or 30 vol% akermanite) exhibit the biodegradation rates that are in the 

range of the desired values for ideal bone substitution.  

The in vitro biodegradation rates of the Fe-based scaffolds can be improved 

to a great extent, depending on the material chemistry. Porous Fe has the 

slowest biodegradation rate (i.e., 0.05 mm/y). The PEtOx coating improves 

the biodegradation rate to 0.13 mm/y. Alloying Fe with 30 and 35 wt% Mn 

speeds up the biodegradation of the pure Fe scaffolds to the rates of 0.20 and 

0.23 mm/y, respectively. Reinforcing porous Fe with 20 vol% akermanite 

increases the biodegradation rate to 0.14 mm/y. Combining 35 wt% Mn with 

20 vol% or 30 vol% akermanite in Fe enhances the biodegradation rate to 

0.24 mm/y or 0.27 mm/y, respectively.  

6. The mechanical properties of all the Fe-based scaffolds investigated are 

sufficiently high to provide mechanical support during the initial stage of 

bone regeneration. The mechanical property values of the scaffolds are 

within the range of the values reported for the cancellous bone. With the 

same design of porous structures, the Fe35Mn-20Ak composite has the 

highest yield strength. Both the Fe35Mn-20Ak and Fe scaffolds have 

similarly high elastic modulus values, while the Fe-20Ak composite has the 

lowest yield strength and elastic modulus. 

After 4 weeks of in vitro biodegradation, the yield strength and elastic 

modulus of the porous Fe scaffolds increase by 24% and 19%, respectively, 

due to the very slow biodegradation and the strong adhesion of the 

degradation products. During this period, however, the yield strength and 

elastic modulus values of the PEtOx-coated Fe scaffolds decrease by 15% and 

11%, respectively; the yield strength and elastic modulus values of the Fe-Mn 

alloys (with 25–30 wt% Mn) decrease by up to 57% and 54%, respectively; 

the yield strength and elastic modulus values of the Fe-Ak composites (with 

5–20 vol% akermanite) decrease by up to 72% and 26%, respectively; the 

yield strength and elastic modulus values of the Fe35Mn-20Ak composites 

decrease by 78% and 83%, respectively. For the Fe35Mn-30Ak composite 

scaffolds, the material becomes brittle after 4 weeks of in vitro 
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biodegradation due to the high rate of biodegradation. It should be noted 

that none of the Fe-based scaffolds developed in this thesis fails prematurely. 

7. The AM porous Fe and FeMn scaffolds developed here exhibit in vitro 

cytotoxicity towards the preosteoblasts MC3T3-E1. Substituting at least 10 

vol% of Fe and 20 vol% of Fe35Mn alloy with akermanite significantly 

enhances the cytocompatibility of these materials towards the preosteoblasts 

and results in the appearance of an osteogenic behavior. 

These findings motivate further research into the in vivo performance of the Fe-

based scaffold biomaterials to treat large-size bone defects. 

8.2 General discussion 

This thesis project covers a broad scope of 3D printing process development, 

material design, and comprehensive evaluation of the Fe-based biomaterials 

developed so as to take up all the challenges currently faced in using such 

biodegradable materials for bone substitution. Here, we reflect upon the 

relevance of our findings to the target application and discuss the new challenges 

ahead. 

On the fabrication of Fe-based biomaterials for bone substitution 

Advanced AM technologies address the need to fabricate geometrically 

complex structures containing multiple material components. Extrusion-based 

3D printing is one of the AM technologies that has been continuously developed 

to turn design ideas to real structures [1,2]. In this research, we demonstrated the 

capability of extrusion-based 3D printing to fabricate and reproduce 

biodegradable Fe-based scaffolds with well controlled macropores and randomly 

distributed micropores in the struts. We also showed that extrusion-based 3D 

printing is, indeed, a straightforward multi-material AM technology, allowing us 

to add alloying elements or supplementing the primary material, i.e., pure Fe, 

with additional components. Each of the added components was chosen based on 

the rational needs for functionality to make Fe-based biomaterials viable bone 

implants (i.e., Mn for paramagnetic behavior and enhanced biodegradability, and 

akermanite for bioactivity and fast dissolution in bodily fluids). We chose the 

water-based hypromellose binder to carry Fe, Mn, and akermanite powder 

particles through the nozzle during 3D printing. In addition to its shear-thinning 

property, the hypromellose binder has little propensity to react with Fe, Mn, and 

akermanite particles during the preparation of the inks and 3D printing. After 3D 

printing, the as-printed scaffolds were post-processed through debinding and 

sintering. The debinding step was optimized for complete binder removal. The 
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sintering parameters were optimized for a low shrinkage value to retain the open 

pore feature of the scaffolds, as well as for the alloying and for the diffusion of the 

elements in the reinforcing component into the Fe matrix. 

Extrusion-based 3D printing, utilizing a flowable paste (or colloidal slurry) 

highly loaded with nano- to micron-size particles,  has been developed over 

decades to fabricate the structures of diverse materials (e.g., polymer, metals, 

composites) for various applications from biomedical, to food, electronics and 

energy [3,4], including 4D printing [5]. Different types of binders are available 

today, e.g., water-based, solvent-based, thermo-sensitive, or UV-curable 

polymers. Depending on the choice of the binder and powder components, the 

3D printable ink can be tuned to achieve geometrically complex 3D structures 

containing multiple materials. However, the versatility of extrusion-based 3D 

printing is yet to be explored further for the development of AM porous metals 

intended for load-bearing orthopedic applications and many technological 

challenges are ahead to go beyond the current limits. 

The first aspect concerns the 3D printing resolution for the fabrication of 

complex porous structures with thin struts. Extrusion-based 3D printing relies on 

nozzles with different sizes to achieve the finest possible resolution, which is 

related to the choice of the starting powder particle sizes. For example, in this 

thesis project, we used a nozzle size of 410 µm with Fe powder particle sizes < 63 

µm and Mn and akermanite powder particle sizes < 45 µm. For a higher 

resolution, smaller powder particles (e.g., in the nano-size range) are required. 

However, handling nano-size powder particles for 3D printing can be highly 

challenging due to the strong tendency of agglomeration and even volatility. The 

post-AM processing must be carefully fine-tuned too. 

The second aspect concerns the choice of the binder and its rheological 

behavior. Multi-component binders are often formulated and used for extrusion-

based 3D printing of complex structures, for example those involving curvatures. 

In addition to the main polymer component, elastomers, waxes, or plasticizers 

are often added to disperse powder particles homogenously in the ink. However, 

binder complexity may negatively impact the post-processing stage (i.e., 

debinding or sintering) of the as-printed scaffolds [6]. Debinding to remove a 

compact polymeric binder may generate entrapped gases that can create internal 

stresses and defects inside the scaffolds. If the binder is not totally decomposed, 

carbon residue may manifest as impurity added to the scaffold material 

composition. Furthermore, it is important to ensure minimal or no interaction of 

the chosen binder with the powder particles in the 3D printing feedstock. Such a 

reaction can, for example, create an oxide layer on particle surfaces, preventing 

the subsequent sintering step to progress. In this thesis project, we utilized 

hypromellose as the backbone polymer and water (and ethanol) as the solvent. 
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Since the solvent easily evaporates, the remaining hypromellose back bone can 

be decomposed easily during thermal debinding. Despite the benefits of the post-

processing of the scaffolds, the complexity of the hypromellose binder is low, 

which limits the 3D printable design to the lay-down patterns. With the 

understanding of material compositions to create multi-functional Fe-based bone 

substitutes, further research can be carried out to explore various types of binder 

for 3D printing of Fe-based scaffolds with geometrically complex designs that will 

lead to the further improvements of the biodegradation profile and mechanical 

properties. 

The third aspect concerns the influence of sintering on the properties of 

metallic scaffolds [7]. Sintering at a low temperature or with an insufficiently long 

holding time can result in insufficient bonding of powder particles. On the other 

hand, sintering at a high temperature or over a long holding time can result in 

high-density scaffold struts, in addition to grain growth. Grain size is known to 

influence the functionalities of metals, including Fe-based scaffolds. Not only the 

mechanical properties but also the biodegradation profile of the material will, 

thus, be affected [8]. For extrusion-based 3D printed scaffolds, the initial grain 

size or grain boundary area can be adjusted, based on the choice of the starting 

powder particle sizes. However, coarsening of grains during sintering is 

inevitable. Therefore, it is of great importance to choose the right sintering 

process parameters to ensure the powder particles sufficiently bonded without 

substantially diminishing the material properties. In this thesis project, we 

optimized the sintering parameters of the Fe-based scaffolds to achieve the 

biofunctionalities required for biodegradable bone substitution. Fine-tuning is 

still needed to reach an optimum balance for other Fe-based materials that will 

be developed in the future. 

On the biodegradability of Fe-based bone substitutes 

Speeding up the biodegradation of Fe-based biomaterials is one of the 

challenges that has been encountered [9]. Numerous efforts have been made via 

(i) making Fe implant structure porous, (ii) applying polymer coating, (iii) 

alloying Fe with other elements, and (iv) adding bioceramics into the Fe matrix. 

Porous Fe biodegrades faster, as compared to the bulk counterpart [10]. In 

Chapter 3, we have shown an increased biodegradation rate of the extrusion-

based 3D printed porous Fe with hierarchical macropores and random 

micropores in the struts. However, the rate is still quite low, considering the 

requirement that the biodegradable implant is fully absorbed within 2 years [11]. 

It is now clear that a mere increase in the surface area of Fe is not sufficient to 

achieve continuous biodegradation of Fe over time, since the naturally 
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passivating biodegradation products (made of Fe oxide-hydroxide, Fe oxides and 

Fe phosphate) will prevent the underlying substrate from degrading further. 

Another effort to enhance the biodegradation rate of Fe has been made by 

applying polymer coating to the Fe surface. In the literature, biodegradable 

polymer coating is often used. The polymer is expected to hydrolyze and create a 

local acidic environment to enhance the corrosion process of Fe [12]. The 

enhancement is likely to be temporary only and will diminish once the polymer 

coating is completely dissolved. In Chapter 4, we have presented a non-

biodegradable polymer coating to assist the biodegradation of porous Fe, as the 

thin polymer layer can transform the morphology and chemical composition of 

the biodegradation products into being more porous and only composed of Fe 

oxide-hydroxide. This improves the biodegradation profile as the corrosion 

products tend to be less passivating. Despite the positive in vitro outcome, we 

realize that applying coating is unlikely to be the solution to all the challenges of 

Fe-based bone substitutes, as the coating cannot change the magnetic behavior 

of such biomaterials or provide the coated material with sufficient bioactivity. 

Alloying Fe with noble elements (e.g., Ag, Au, or Pd) has been tried to 

increase the biodegradation rate of Fe [13]. The alloyed Fe contains intermetallic 

phases with a higher standard electrode potential than the Fe matrix, which 

induces micro-galvanic corrosion at the interface [14]. Other than the noble 

metals, alloying Fe with Mn has been considered to be more promising, as Fe-Mn 

solid solutions have overall lower standard electrode potential values, which 

means that these alloys will have a higher tendency to biodegrade [15,16]. 

Moreover, FeMn alloys with > 28 wt% Mn are paramagnetic [17]. In Chapter 5, 

we have presented MRI-friendly and highly biodegradable porous FeMn scaffolds 

whose biodegradation rates fall into the range of the values of ideal bone 

substitutes. Nevertheless, the cytotoxicity of the alloying elements (including Mn) 

is still a crucial concern for the application of such biomaterials.  

Bioceramic reinforcement in the Fe matrix has been taken as an effective 

strategy to improve the biocompatibility of Fe-based implant materials [18]. The 

composites can also benefit from the fast dissolution of the bioceramic 

component, which increases the overall biodegradation rate. In Chapter 6, we 

have demonstrated the improved biodegradability of the extrusion-based 3D 

printed porous Fe-akermanite composites, as compared to the monolithic Fe. 

Even so, the Fe-bioceramic composites have a drawback. The Fe matrix in the 

composite is preserved in the α-Fe single phase [19–21]. This means that, once 

the bioceramic component is completely dissolved, a larger volume of Fe will 

remain and become a slowly biodegrading material.  
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The improvement of the initial biodegradation rate of Fe can certainly be 

achieved. However, sustaining the improved biodegradation rate over time until 

the whole Fe-based implant is fully biodegraded remains a huge challenge. Of all 

the abovementioned efforts, changing the phase composition of pure Fe, i.e., by 

alloying Fe with Mn, deems the best option. The γ-FeMn phase indeed ensures 

an enhanced biodegradability over a longer period of time. This is because the 

biodegradation products of the FeMn alloys are less passivating due to the 

changed surface chemical components with Fe-based and Mn-based corrosion 

products combined [22,23]. Regarding the biofunctionality and osteogenic 

property, the FeMn alloys can be reinforced with bioceramics (as we have 

demonstrated in Chapter 7 and in other study [24]) or coated with natural 

bioactive polymer (e.g., collagen [25]). 

On the magnetic behavior of Fe-based bone substitutes 

Magnetic behavior and MRI safety of implantable medical devices have been 

one of the  major concerns with using Fe-based biodegradable materials, because 

of the intrinsic ferromagnetism of the α–Fe phase. It is of importance to ensure 

the MRI safety of Fe-based bone implants for the patients who may need MRI 

scan during their treatment. The magnet strength depends on the volume of the 

implanted material. Pure Fe with the α–Fe single phase can be categorized as 

MRI-conditional, when fabricated into a stent with a strut thickness of 53 µm 

[26]. Unfortunately, for load-bearing bone substitution, the volume of an Fe-

based implant is usually much larger than that used for cardiovascular purpose. 

In such a case, changing the ferromagnetism of Fe is a requisite for its clinical 

application. 

In Chapter 5 and 7, we have demonstrated the paramagnetic and MRI-

friendly FeMn scaffolds and FeMn-akermanite composites with the presence of 

the γ-Fe phase. In addition to measuring the intrinsic magnetization 

performance, visualizing the image artefacts caused by FeMn alloys in vitro and 

in vivo during MRI scan should be performed. These results will provide further 

understanding on the scaffold volume and structural design for minimizing the 

MRI artefacts and should be tailored to the other required biofunctionalities of 

Fe-based bone implants. Furthermore, the research on Fe-based biomaterials for 

bone substitution should consider using FeMn alloys as the starting materials. 

This will ensure the MRI-friendly behavior, while optimizing other 

biofunctionalities (i.e., biodegradation, mechanical properties, and bioactivity). 

On the mechanical properties of Fe-based bone substitutes 

Mechanical properties are one of the requirements for the biomaterials 

intended for load-bearing bone substitution. As presented in this thesis, all the 
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porous Fe-based scaffolds developed by using extrusion-based 3D printing (with 

67-71% porosity) exhibit the compressive yield strength and elastic modulus 

values in the range of the values of the cancellous bone, even after 4 weeks of in 

vitro biodegradation.  

Bulk Fe-based biomaterials have much higher mechanical properties than 

the cortical bone [22]. To reduce the excess mechanical properties and aim for the 

values closest to those of the native bone, the Fe-based biomaterials can be 

designed and fabricated as porous structures. For example, porous Fe30Mn alloy 

scaffolds (with porosity = 37.9–47.8%) have been reported to have the 

mechanical properties in the range of the cortical bone even after 48 weeks in 

vivo [27]. With an increasing porosity value, the FeMn alloy scaffolds can be 

tuned to match the mechanical properties of the cancellous bone [16,28].  

Porosity, including the pore size and pore shape, plays an important role in 

determining the mechanical properties of AM porous biomaterials. For Fe-based 

biomaterials, the porosity should be optimized not only to achieve bone-

mimicking mechanical properties but also to facilitate biodegradation, to ensure 

the mechanical integrity during biodegradation and simultaneously allow bone to 

regenerate and replace the gradually degrading implant material.  

On the biocompatibility of Fe-based bone substitutes 

The biocompatibility of porous Fe and FeMn alloy bone substitutes is still 

debatable. The extrusion-based 3D printed Fe (in Chapter 3, porosity = 67%) and 

FeMn alloys (in Chapter 5, porosity = 69%) developed in this thesis project exhibit 

cytotoxicity towards mouse MC3T3-E1 preosteoblasts. Likewise, a reduction in 

cell viability has been reported for Fe (porosity = 67.5%) [29], the Fe30Mn alloy 

(porosity = 60%) [30], and the Fe30Mn6Si1Pd alloy (porosity = 40%) [31]. 

However, there are several reports on the in vitro cytocompatibility of the 

Fe35Mn alloy (porosity = 39.3%) [32], Fe25Mn (porosity = 66.7%) [33], and 

Fe30Mn alloy (porosity = 85%) [28]. In Chapters 6 and 7, we have presented 

akermanite as the reinforcing component of porous Fe and FeMn alloys to 

improve their biological properties. By substituting at least 10 vol% of Fe and 20 

vol% Fe35Mn alloy with akermanite, the Fe-based scaffolds exhibit an osteogenic 

behavior. In addition, the composite scaffolds exhibit increased biodegradation 

rates without changing much of the cancellous bone-mimicking mechanical 

properties. 

The recent in vivo studies on porous FeMn alloys (porosity = <50%) have 

demonstrated osseointegration and bone regeneration [27,34]. Nevertheless, it is 

difficult to translate the in vitro results into predictable in vivo performance of 

the Fe and FeMn alloys. It is of great importance to understand the relationship 

between porosity, biodegradation profile, and mechanical properties, as well as 
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the influences of porosity and biodegradation on bone regeneration. More 

systematic in vitro and in vivo studies are urgently needed to evaluate the in vivo 

performance of such materials in order to move closer to the clinical application 

of Fe-based bone substitutes. 

8.3 Recommendations and outlook of future research  

While this thesis has contributed to designing biodegradable Fe-based 

scaffolds material configurations and developing associated fabrication 

technology with a focus placed on achieving an appropriate biodegradation rate, 

paramagnetic behavior, mimicking trabecular bone mechanical properties, and 

osteogenic all at once, there are still many outstanding challenges towards clinical 

applications. In this section, we make a number of recommendations and suggest 

potential future research directions. 

1. Extrusion-based 3D printing of Fe-based biomaterials should aim at multi-

material fabrication of porous structures with complex geometries, other 

than the lay-down pattern design. This will not only allow the engineering of 

Fe-based material configuration for trabecular bone tissue repair as 

demonstrated in this thesis, but also the creation of Fe-based bone implants 

with complex porous geometry that may possess mechanical properties close 

to those of  the cortical bone, while retaining a sufficient biodegradation rate 

and osteosynthesis ability. Scaffolds with other 3D architectures should be 

possible to achieve by carefully tuning the powder loading and the choice of 

binder, by using a sacrificial ink as removable supports [35], or by modifying 

the printer with additional laser assistance for in situ selective laser 

debinding and sintering [36].  

2. Future studies should consider the paramagnetic FeMn alloys [16,22,37] as 

the starting materials of Fe-based scaffolds intended for bone repair. In this 

thesis, we have demonstrated that Fe-based alloys containing a sufficient 

amount of Mn are indeed paramagnetic and theoretically MRI-friendly. 

However, excessive release of Mn ions as a result of the biodegradation of 

FeMn alloys may raise cytotoxic and neurotoxic concerns. The MRI safety of 

Fe-based bone substitutes should therefore be studied in more detail, e.g., 

displacement or torque induced by the magnetic field of a given strength, heat 

induced by radio frequency, and MRI image artefact [26]. It is essential to 

ensure the safety of Fe-based bone implants for the patients who may need 

MRI scan during their treatment, and in the meantime the biocompatibility 

of such implants.  

3. Regarding the biodegradation behavior, there is a large gap between the in 

vitro and in vivo biodegradation rates of Fe-based materials, as found out by 



228   Chapter 8 

 

 

 

a number of researchers [9,27,38,39]. The reported in vivo biodegradation of 

Fe30Mn implants is actually slower than the in vitro electrochemical 

prediction [27]. In the literature, in vitro immersion setup in the static 

environment has been used by most of the researchers, while others have 

developed immersion tests under fluid flow and cyclic mechanical loading 

conditions to reveal the corrosion fatigue behavior [40] and reported faster 

biodegradation rates. Some have even simulated the inflammatory 

conditions at the early stage of implantation by adding H2O2 at various 

concentrations [41], or incorporated proteins into the immersion solution 

[42] in order to present an in vitro environment closer to the in vivo one.  

To date, there have been limited in vivo studies on AM porous Fe-based 

bone substitutes [27,34]. More in vivo studies are needed to understand the 

actual biodegradation behavior of AM porous Fe-based implants. As a start, 

the in vivo bone defect model in small animal, e.g., in rat [34] or rabbit [27], 

can be performed to understand the biodegradation behavior. The next step 

will be using a large animal model to understand the influence of mechanical 

loading on the biodegradation behavior. For example, sheep model [43,44] 

has a body weight similar to that of adult human, a bone macrostructure 

similar to that of human bones, and suitable long bone dimensions for testing 

human bone implants. With the comprehension of the in vivo biodegradation 

behavior, the correct and standardized in vitro immersion setup can be 

developed to study the biodegradable Fe-based biomaterials that will provide 

reliable results for the translation into clinical use. 

4. In addition to the biodegradation behavior, the in vivo studies on AM porous 

Fe-based implants in small-animal bone defect models can enrich our 

knowledge on the biological responses to Fe-based materials [27,34]. This 

knowledge is important for understanding the bone formation and in-growth 

in large-animal models. The in vivo studies will also support the development 

of standardized in vitro cytocompatibility tests for biodegradable metals. 

Until today, the in vitro cytocompatibility tests for biodegradable metals have 

followed the standards established for bioinert materials [45,46]. As a result, 

the in vitro cell culture outcome of Fe-based scaffolds is debatable 

[8,16,28,33,34]. Following the interpretation of the in vivo biocompatibility 

results, the correct volume ratio of the cell culture medium to the surface area 

of the AM biodegradable Fe-based materials can be standardized. This will 

enable the comparison between various Fe-based materials for bone implants 

in in vitro cell culture and a reliable translation of results. 

5. Mechanical properties of the retrieved AM porous Fe-based bone implant 

samples after in vivo implantation in animal bone defect models should be 

measured [27]. The small-animal model will provide preliminary data on the 
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mechanical properties influenced by in vivo biodegradation, while the large-

animal model will include an additional variable of the mechanical loading 

effect. The results will enable the translation of the initially designed AM 

porous biodegradable Fe-based implants into those required in vivo and for 

clinical application. 

6. Once a better understanding of the in vivo performance of AM porous Fe-

based bone substitutes and the development of the standards for in vitro tests 

have been achieved, developing the in vitro co-culture of multiple cell types 

relevant to bone tissue on AM porous Fe-based implants should be 

considered. This will be the next step for the biocompatibility screening of 

any novel biodegradable materials, prior to the in vivo test that can be costly. 

Performing in vitro co-culture of cells can better mimic in vivo conditions 

due to the crosstalk between cell types, e.g., an orchestra of osteogenic, 

angiogenic and osteoimmunomodulatory properties at once [47–49]. 

7. In parallel to the development of biodegradable Fe-based materials for bone 

substitution, AM biodegradable Fe-based scaffolds should also be explored 

further for bone cancer therapy by making use of the magnetic heating 

capacity of Fe [50] . 

8. The success in developing AM porous biodegradable Fe-based bone implants 

towards clinical adoption requires extensive evaluation of many performance 

indexes of the implants. Comprehensive and large-scale experiments are 

time-consuming and costly. With standardized in vitro tests of biodegradable 

metals, in silico studies can provide complementary data to the experimental 

data so as to speed up the understanding of the performance  and 

biofunctionalities of such biomaterials. For example, in silico model can be 

developed and used to optimize the porous structure design of a bone implant 

to achieve an optimum balance in mechanical, physical, chemical and 

osteoinductive properties, in addition to biodegradability [51]. 

  

Taken together, the research presented in this thesis demonstrates the 

remarkable potential of the extrusion-based 3D printing and Fe-based 

biomaterials for bone substitution. The results from the research motivate further 

research to evaluate the in vivo performance of the extrusion-based 3D printed 

Fe-based bone implant materials. 
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