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a b s t r a c t 

Extrusion-based 3D printing followed by debinding and sintering is a powerful approach that allows for 

the fabrication of porous scaffolds from materials (or material combinations) that are otherwise very 

challenging to process using other additive manufacturing techniques. Iron is one of the materials that 

have been recently shown to be amenable to processing using this approach. Indeed, a fully intercon- 

nected porous design has the potential of resolving the fundamental issue regarding bulk iron, namely 

a very low rate of biodegradation. However, no extensive evaluation of the biodegradation behavior and 

properties of porous iron scaffolds made by extrusion-based 3D printing has been reported. Therefore, 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 were studied. 

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 diffracometry 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 com- 

pared to the bulk counterpart, with 7% mass loss after 28 days. The mechanical properties of the scaffolds 

remained in the range of those of trabecular 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 prod- 

ucts. 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. 

Statement of significance 

3D printing techniques have been used to fabricate porous iron scaffolds for bone substitution. 
However, no extensive performance evaluation of porous iron made by extrusion-based 3D 

printing for bone substitution has ever been reported. Therefore, we comprehensively studied 

the in vitro biodegradation behavior, electrochemical characteristics, time-dependent mechan- 
ical properties, and cytocompatibility of porous iron scaffolds made by means of extrusion- 
based 3D printing. 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 biodegradable bone substitutes. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Biodegradable metals and their alloys, including those based 

n magnesium, iron, and zinc, have been extensively studied to 

xplore their potential as temporary bone substitutes [ 1 , 2 ]. Such 
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F

iodegradable biomaterials could alleviate the risk of prolonged 

nflammation associated with non-biodegradable metals that per- 

anently remain at the implantation site [3] . Among biodegrad- 

ble metallic materials, those based on iron enjoy the advantage of 

ossessing substantially higher mechanical properties as compared 

o the magnesium- and zinc-based alternatives [4] . Those higher 

echanical properties open up unique opportunities for adapt- 

ng the mechanical properties of iron-based materials to those 

f the local bony tissue by introducing porous structures. The 

orous structure also has the added value of significantly enhanc- 

ng the internal surface area of the implants to accelerate the 

iodegradation process of iron [5] , which is otherwise extremely 

ow. 

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

igh mechanical performance, iron-based materials have been ex- 

ensively used as structural materials and potentially to be used 

s biodegradable materials for bone substitution [6] . Iron is an es- 

ential element in the human metabolism for transporting oxygen, 

ediating electron transfers, and accelerating enzyme reactions. It 

lays a role in immune function [7] . Moreover, the homeostasis of 

ron is essential for optimal bone regeneration [8] . Iron acts as a 

atalyst for the formation of reactive oxygen species (ROS) and an 

ppropriate ROS level has been reported to regulate a pathway in 

steoblast differentiation [9] . Adequate iron uptake in vivo can as- 

ist in the development of osteoblasts [ 10 , 11 ] and induce platelet

ctivation [12] , which is important for the initial healing stage of 

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

xhibit cytotoxicity when the rate of ion release exceeds a certain 

hreshold [13] . On the other hand, long-term in vivo studies on 

ron-based bone substitutes have shown that the corrosion prod- 

cts are biocompatible [ 14 , 15 ]. It is important to note that the re-

orted in vivo corrosion rates are extremely low with no significant 

hanges in the mass of iron-based materials implanted in the bulk 

after 52 weeks) [14] and foam (after 6 weeks) forms [15] , which 

ay lead to the longer-than-expected longevity of such iron-based 

mplants (within a few years [16] ). It is still an open research ques-

ion whether the biocompatibility of iron-based materials remains 

avorable enough when their biodegradation rates are enhanced to 

atch the rate of bone tissue healing. For implant applications, the 

erromagnetic nature of iron, causing complications during mag- 

etic resonance imaging (MRI), is another issue, which has been 

ddressed by alloying with 28 wt% or more manganese to retain 

he austenite phase and change the alloy to be non-ferromagnetic 

17] . 

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

ecent research has been focused on developing new types of 

ron-based alloys [ 18 , 19 ], modifying the surface properties through 

andblasting [20] and bio-functionalizing the surface using poly- 

ers [21-23] or bioceramics [ 24 , 25 ] to accelerate biodegradation. 

n addition, porous structures have been fabricated using vari- 

us techniques, including both traditional techniques, such as elec- 

rodeposition [26] , space holder method [27-31] , powder molding 

nto porous template [32] , and 3D printing techniques, such as 

inder/ink-jetting [ 33 , 34 ], material extrusion [35-39] , and selective 

aser melting [40-43] . 

3D printing has recently emerged as the most promising ap- 

roach to the fabrication of porous biodegradable metals [ 44 , 45 ]. 

sing this approach, tailor-made designs of biodegradable scaf- 

olds can be realized to meet the specific requirements of vari- 

us treatment conditions. Examples include tailor-made solutions 

o the treatment of critical bony defects and osteosynthesis as 

ell as site-specific drug delivery for cancer patients [45] . 3D 

rinted implants with a geometrically ordered pore network pro- 

ide tissue-mimicking mechanical properties, facilitate osseointe- 

ration, and greatly increase the surface area to volume ratio, 

hereby increasing the rate of biodegradation. Extrusion-based 3D 
742 
rinting provides a straightforward approach to the ex situ fabrica- 

ion of porous structures using metallic materials (or material mix- 

ures), which would otherwise be challenging for other 3D printing 

echniques [46] , such as powder bed fusion 3D printing processes 

 47 , 48 ]. 

In the last few years, 3D printing techniques, including mate- 

ial extrusion and selective laser melting (SLM), have been used to 

abricate porous pure iron for bone substitution. Extrusion-based 

D-printed topologically ordered porous iron scaffolds with cu- 

ic unit cell (31% porosity) and hexagonal unit cell (60% poros- 

ty) have been evaluated in terms of their mechanical behavior 

37-39] . The surface of lay-down patterned iron scaffolds has been 

iofunctionalized by applying hydroxyapatite coating for enhanced 

ell-material interaction [35] . A few in-depth studies on the ma- 

erial properties and biocompatibility of SLM porous iron have ap- 

eared in the literature too [ 40 , 41 ]. However, no extensive evalua-

ion of porous iron made by extrusion-based 3D priFnting is avail- 

ble yet. We, therefore, studied the early-stage in vitro biodegra- 

ation behavior, electrochemical response, time-dependent me- 

hanical properties, and cytocompatibility of lay-down patterned 

orous iron scaffolds made by means of extrusion-based 3D 

rinting. 

. Materials and methods 

.1. Scaffold design, 3D printing, and post-processing 

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

itro biodegradation behavior, electrochemical response, evolution 

f mechanical properties, and cytocompatibility of 3D printed scaf- 

olds so as to build up a solid base, on which further endeavors 

ould be made to addresss the other issues related to iron-based 

aterials for biomedical applications, for example, by adding al- 

oying elements or functional agents. Iron powder with 99.88 wt% 

urity, minor impurities (Cu, Ni, Mo, Al, Mn, Si, and Cr), and spher- 

cal particle morphology ( Fig. 1 a) produced through nitrogen gas 

tomization (Material Technology Innovations Co., Ltd., China) was 

ieved to reach a particle size distribution of D 10 = 25.85 μm, 

 50 = 39.93 μm and D 90 = 53.73 μm. A printable ink with iron

owder loading was prepared by manually mixing the iron pow- 

er with a 5 wt% hydroxypropyl methylcellulose (hypromellose) 

olymer (M w 

~86 kDa, Sigma Aldrich, Germany) aqueous solu- 

ion [35] at a mass ratio of 7:1 (corresponding to a volume ra- 

io of 49:50), based on the preliminary experiments with different 

owder-to-binder (mass) ratios in order to choose a 3D printable 

nk. Then, the shear-thinning properties of the chosen ink were 

tudied using an MCR302 rheometer (Anton Paar GmbH, Germany). 

n addition, thermogravimetric analysis (TGA) of hypromellose was 

erformed using an SDT Q600 v20.9 thermogravimetric analyzer 

TA Instruments, USA). 

Porous iron scaffolds (10.5 mm in height and 10 mm in diame- 

er) were designed with the GeSiM Robotics software (GeSiM Bio- 

nstruments, Germany) to have a strut width of 410 μm, a strut 

pacing of 400 μm, a layer thickness of 328 μm, a designed poros- 

ty of 50%, and an initial design surface area of 40.4 cm 

2 ( Fig. 1 b).

he iron ink was extruded into 3D porous iron scaffolds through 

 410 μm tapered nozzle tip using 3D BioScaffolder 3.2 (GeSiM 

io-instruments, Germany) with angles of 0 ° and 90 ° that inter- 

hanged every layer ( Fig. 1 c). The printing pressure and printing 

peed were set at 200 kPa and 5 mm/s, respectively. After 3D 

rinting, the as-printed iron scaffolds were allowed to dry for at 

east 30 min in a desiccator, before being loaded into a tube fur- 

ace STF16/180 (Carbolite Gero Ltd., UK) under a highly pure argon 

tmosphere (purity: 99.9999%; inlet pressure: 1 bar) and held at 

50 °C for 1 h for debinding and at 1200 °C for 6 h for sintering.

inally, the as-sintered iron scaffolds were ultrasonically cleaned 
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Fig. 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. 
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n isopropyl alcohol for 15 min prior to characterization and 

nvestigation. 

.2. Characterization of macrostructure and microstructure 

The height and diameter of the porous iron scaffolds were mea- 

ured before and after sintering to determine the shrinkage. The 

icro-architecture of the iron scaffolds was observed using a scan- 

ing electron microscope (SEM, JEOL JSM-IT100, Japan). From SEM 

mages, the strut width, strut spacing, and layer thickness of the 

caffolds were measured. The cross sections of the as-sintered iron 

caffolds, after polishing up to 1 μm, were observed using SEM. 

he regions of interest on the cross section of the struts were de- 

ned and analyzed with color threshold in ImageJ (NIH, USA) to 

elect the porous area. The solid fractions of the struts ( X ) were

alculated based on the following equation: 

 = 

(
1 − P or e ar ea 

T otal area of ROI 

)
× 100% (1) 

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

intered iron scaffolds were calculated, using the weighing method 

nd Eqs. (2 and 3 ): 

 p = 

(
1 − m p / ρink 

V bulk 

)
× 100% (2) 

 s = 

(
1 − m s / ρiron 

V bulk 

)
× 100% (3) 

here ϕp and ϕs are, respectively, the absolute porosities of the 

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

he as-printed or as-sintered iron scaffolds [g], V bulk is the bulk vol- 

me of the scaffold [cm 

3 ], ρ ink is the density of the iron ink ( i.e. ,

.41 g/cm 

3 ), and ρ iron is the theoretical density of pure iron ( i.e. ,

.874 g/cm 

3 ). 

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

caffolds was assessed using the Archimedes’ principle as de- 

cribed in the ASTM standard B963–13 [49] . The value was calcu- 

ated using Eq. (4) : 

 i = 

(
ρe 

ρo 
× m ao − m a 

m ao − m eo 

)
× 100% (4) 

here ϕi is the interconnected porosity of the as-sintered iron 

caffolds [%], ρe is the density of ethanol ( i.e. , 0.789 g/cm 

3 ), ρo 

s the density of oil ( i.e. , 0.919 g/cm 

3 ), m ao is the mass of the oil-

mpregnated iron scaffold weighed in air [g], m a is the mass of the 

ron scaffold weighed in air [g], and m eo is the mass of the oil-

mpregnated iron scaffold weighed in ethanol [g]. 

.3. Phase identification 

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

ermined using an X-ray diffractometer (XRD, D8 Advance, Bruker, 

SA). XRD in the Bragg-Brentano geometry was equipped with 
743 
 graphite monochromator and a Vantec position-sensitive detec- 

or that was set to work at 45 kV and 35 mA. A step size of

.020 ° with a counting time of 10 s per step using Co K α radiation 

as employed. The XRD pattern was evaluated using the Diffrac 

uite.EVA v5.0 software (Bruker, USA) and the International Centre 

or Diffraction Data PDF-4 database. 

.4. Static in vitro immersion tests 

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

erformed in the revised simulated body fluid (r-SBF) [50] using a 

ell culture incubator, under the following conditions: 5% CO 2 , 2% 

 2 , relative humidity = 95%, temperature = 37 °C ± 0.5 °C. The 

olution volume-to-surface area ratio was 6.7 mL/cm 

2 [51] . Before 

he tests, the samples were sterilized and the r-SBF solution was 

ltered using a 0.22 μm filter (Merck Millipore, Germany). The pH 

alues were monitored during the immersion period using a pH 

lectrode (InLab Expert Pro-ISM, METTLER TOLEDO, Switzerland). 

he concentrations of soluble calcium, phosphate and iron ions in 

he r-SBF solution were quantified using an inductively coupled 

lasma optical emission spectroscope (ICP-OES, iCAP 6500 Duo, 

hermo Scientific, USA) after 1, 2, 7, 14, and 28 days of in vitro 

iodegradation. To determine the mass loss, the in vitro corrosion 

roducts were removed by immersing the as-corroded iron scaf- 

olds at the abovementioned time points in a 50 vol% HCl solu- 

ion (with a specific gravity of 1.19, Sigma Aldrich, Germany) con- 

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

or 10 min, followed by ultrasonic cleaning in isopropyl alcohol 

or 15 min [52] . Subsequently, the samples were dried overnight 

n a desiccator and weighed using a balance with an accuracy of 

.1 mg. The cycle was repeated and the mass loss was plotted 

gainst the cleaning cycle to obtain the most accurate value, ac- 

ording to the ASTM standard G1–03 [52] . From the mass loss val- 

es, the average corrosion rate was determined based on the ASTM 

tandard G31–72 [53] using Eq. (5) : 

 R immersion [ mm/year ] = 8 . 76 × 10 

4 × m 

A × ρ × t 
(5) 

here m is the mass loss [g], A is the surface area of the scaffolds

cm 

2 ] calculated based on the initial scaffold design value, ρ is the 

heoretical density of pure iron ( i.e. , 7.874 g/cm 

3 ), and t is the du-

ation of in vitro immersion [h]. 

.5. Characterization of in vitro corrosion products 

The phases of the in vitro corrosion products of the scaffolds af- 

er 28 days of immersion were identified using XRD (D8 Advance, 

ruker, USA). In addition, the morphologies of the in vitro corrosion 

roducts on the periphery of the iron scaffolds after 7, 14, and 28 

ays of continuous immersion were observed using SEM and their 

ompositions were analyzed with an X-ray energy dispersive spec- 

roscope (EDS, JEOL JSM-IT100, Japan). In addition to the periphery, 
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he scaffolds after 7, 14, and 28 days of continuous immersion were 

round with SiC #20 0 0, and the corrosion products in the center of 

he structure were characterized using SEM-EDS. Also, the fraction 

f the remaining base material (pure iron) after in vitro immersion 

t the selected time points was calculated using ImageJ ( Eq. (1) ). 

.6. Electrochemical measurements 

To study the electrochemical corrosion behavior, iron scaffold 

pecimens were carefully prepared by partial mounting them in 

hermoplastic acrylic resin and exposing them to r-SBF (pH = 7.40, 

emperature = 37 ± 0.5 °C). The exposed surface area was calcu- 

ated, based on the design value of the scaffold. Bef ore the experi- 

ents, the mounted specimens were ultrasonically cleaned in iso- 

ropyl alcohol and then dried thoroughly. A three-electrode elec- 

rochemical system was configured, in which a graphite rod, an 

g/AgCl electrode, and the iron specimen, respectively, acted as the 

ounter electrode, the reference electrode, and the working elec- 

rode. All the tests were carried out in triplicate using a Bio-Logic 

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

Before the electrochemical tests, the setup was allowed to reach 

 stable open circuit potential (OCP) for 1 h. The linear polarization 

esistance (LPR) tests of the iron specimens at different time points 

p to 28 days were carried out from −25 to + 25 mV versus OCP

t a scan rate of 0.167 mV/s. Consecutively, the electrochemical 

mpedance spectroscopy (EIS) tests of the iron specimens at differ- 

nt time points up to 28 days were conducted using a sine ampli- 

ude of 10 mV versus OCP at a frequency scan between 100 kHz to 

0 mHz. Moreover, potentiodynamic polarization (PDP) tests were 

erformed on the specimens after 1 day and 28 days of immer- 

ion, with polarization between −300 to + 500 mV versus OCP at 

 scan rate of 0.5 mV/s. From the PDP results, the corrosion rates 

ere calculated according to the ASTM standard G102–89 [54] and 

sing Eq. (6) : 

 R electrochemical [ mm / year ] = 3 . 27 × 10 

−3 × EW × i corr 

ρ
(6) 

here EW is the equivalent weight of iron (valence 2), i corr is the 

urrent density [μA/cm 

2 ], and ρ is the theoretical density of pure 

ron [g/cm 

3 ]. 

.7. Uniaxial compression tests 

An Instron universal testing machine (ElectroPuls E10 0 0 0, Ger- 

any) with a 10 kN load cell was used to evaluate the compres- 

ive mechanical properties of the as-sintered iron scaffolds as well 

s the specimens retrieved after 1, 2, 7, 14 and 28 days of in 

itro immersion. The tests were performed at a crosshead speed 

f 3 mm/min. The mechanical properties of the porous iron scaf- 

olds, including the quasielastic gradient (referred as elastic modu- 

us) and yield strength, were obtained following the ISO standard 

3,314 [55] . The slope of the first linear region in the stress-strain 

raph was defined as the elastic modulus. A parallel line to the ini- 

ial linear elastic region, offset by 0.2% strain, was drawn and the 

tress value at the intersection with the stress-strain curve was de- 

ermined as the yield strength. The tests were performed in trip- 

icate. The average values with standard deviations are reported 

ereafter. 

.8. Cytocompatibility evaluation 

.8.1. Pre-culture of MC3T3-E1 cells and the preparation of iron 

xtract media 

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

ultured for 7 days in α-minimum essential medium ( α-MEM, 
744 
hermo Fisher Scientific, USA) without ascorbic acid and supple- 

ented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, 

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

SA). α-MEM without ascorbic acid was used to maintain the cells 

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

 humidified atmosphere with 5% CO 2 and 2% O 2 (relative humid- 

ty = 95%). The culture medium was refreshed every 2 to 3 days. 

The iron extract culture media were prepared by immersing the 

terilized porous iron scaffolds (10.25 mm in height and 9.75 mm 

n diameter) in α-MEM (without ascorbic acid, but with 10% FBS, 

% p/s) for 72 h at 37 °C in a 5% CO 2 and 2% O 2 atmosphere with

5% relative humidity [56] . The specimen-to-medium ratio was 5 

m 

2 /mL, in which the surface area of the scaffolds was calculated 

ased on the design value. Thereafter, the supernatant was col- 

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

riginal concentration. Furthermore, the iron ion concentration in 

he original (100%) iron extract media was quantified using ICP- 

ES (iCAP 6500 Duo, Thermo Scientific, USA). All media were kept 

t 4 °C prior to cell tests. 

.8.2. Indirect cytotoxicity tests 

To evaluate the indirect cytocompatibility of the iron scaf- 

olds, the PrestoBlue assay (Thermo Fisher Scientific, USA) was per- 

ormed. The MC3T3-E1 preosteoblasts (1 × 10 4 cells) were cul- 

ured in 200 μL of 100%, 75%, 50%, 25% and 10% iron extract me- 

ia using 48-well plates. The same number of cells was cultured 

n the original α-MEM (without ascorbic acid, but with 10% FBS, 

% p/s) as the negative control. After 1, 3, and 7 days of culture, 

he iron extract media were replaced with 200 μL fresh pure α- 

EM (without ascorbic acid, but with 10% FBS, 1% p/s) to prevent 

he interference of iron ions with the assay. Consecutively, 20 μL 

f PrestoBlue reagents (Thermo Fisher Scientific, USA) were added, 

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

bsorbance values were measured with a Victor X4 Wallac plate 

eader (PerkinElmer, USA) at a wavelength of 530 - 590 nm. The 

ests were performed in triplicate. The average metabolic activity 

f the cells is reported as a percentage of the negative control, cal- 

ulated using Eq. (7) : 

etabolic act i v it y [ % ] = 

Absorbance ( specimen ) 

Absorbance ( negati v e control ) 
× 100 

(7) 

To observe the morphology of the preosteoblasts grown in 

he iron extract media, the cytoskeleton and nucleus of the 

ells were stained using rhodamine phalloidin and 4 ′ ,6-diamidino- 

-phenylindole (DAPI) dyes, respectively. The MC3T3-E1 pre- 

steoblasts (1 × 10 4 cells) were cultured for 3 days on 48-well 

lass disks in 200 μL of iron extract media. The same number of 

ells was cultured in the original α-MEM (without ascorbic acid, 

ut with 10% FBS, 1% p/s) as the negative control. After culture, 

he specimens were washed with PBS (Thermo Fisher Scientific, 

SA), fixed using 4% formaldehyde (Sigma Aldrich, Germany) for 

5 min at room temperature, then washed with PBS, and perme- 

bilized with 0.5% triton/PBS (Sigma Aldrich, Germany) at 4 °C for 

 min. Then, 1% bovine serum albumin/PBS (BSA, Sigma Aldrich, 

ermany) was added per well and followed by incubation for 

 min. Consecutively, 1:10 0 0 rhodamine phalloidin (Thermo Fisher 

cientific, USA) in 1% BSA/PBS was added per well, followed by 

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

.5% tween/PBS (Sigma Aldrich, Germany) and washed with PBS. 

inally, the specimens were mounted on a glass slide with Prolong 

old (Life Technologies, USA), containing the DAPI dye. Thereafter, 

he morphology of the cells cultured in different iron extracts was 

bserved using a fluorescence microscope (ZOE cell imager, Bio- 

ad, USA). From staining images, the number of cells and the cell 
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Fig. 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. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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preading area were determined by counting the nucleus of the 

ells using ImageJ (NIH, USA). 

.8.3. Direct cytotoxicity tests 

To evaluate the direct cytocompatibility of the iron scaffolds, 

he Trypan blue cell counting assay was performed. First, the 

orous iron scaffolds (10.25 mm in height and 9.75 mm in di- 

meter) were pre-immersed in α-MEM (without ascorbic acid, but 

ith 10% FBS, 1% p/s) for 5 min and placed in the 6-well plate. Af-

er that, the MC3T3-E1 preosteoblasts (1 × 10 6 cells per specimen) 

ere pipetted into the porous iron scaffolds. Subsequently, 10 mL 

f α-MEM was added per well to immerse the scaffold. The same 

umber of cells was cultured for all experimental groups. For ev- 

ry time point, the tests were performed in triplicate. After 1, 3, 

nd 7 days of culture, the cells were trypsinized from the scaffolds 

nd the well plates and then suspended. 10 μL of each cell sus- 

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

nd subsequently pipetted into a dual-chamber cell counting slide. 

he number of living cells was counted using an automated cell 

ounter (TC20, Bio-Rad, USA). The average number of living cells 

ith standard deviations are reported. 

In addition, to observe the distribution and morphology of 

C3T3-E1 cells seeded on the porous iron scaffolds, a live/dead 
745 
taining assay was performed, followed by SEM imaging. The 

C3T3-E1 preosteoblasts (2 × 10 5 cells per specimen) were seeded 

n the iron scaffolds (2.05 mm in height and 9.75 mm in diam- 

ter) and cultured in 2 mL α-MEM (without ascorbic acid, but 

ith 10% FBS, 1% p/s). After 3 days of culture, the specimens were 

ashed with PBS and immersed in PBS containing 2 μL/mL of cal- 

ein (Thermo Fisher Scientific, USA) and 1.5 μL/mL of ethidium 

omodimer-1 (Thermo Fisher Scientific, USA) for 30 min in the 

ark at room temperature. Thereafter, the live and dead cells on 

he iron scaffolds were observed using a fluorescence microscope 

ZOE cell imager, Bio-Rad, USA). Furthermore, SEM imaging of cell 

orphologies on the iron scaffolds was performed. Briefly, after 

 days of culture, the specimens were washed in PBS, fixed with 

% formaldehyde (Sigma Aldrich, Germany) for 20 min, followed 

y dehydration stages in 30, 50, 70, and 100% ethanol for 10 min 

ach, and they were further preserved using hexamethyldisilazane 

Sigma Aldrich, Germany) for 30 min. The specimens were dried 

or 2 h prior to SEM imaging. 

.9. Statistical analysis 

All values are expressed as mean ± standard deviation. The sta- 

istical analysis of the PrestoBlue results was performed with two- 
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Fig. 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, PO 4 , 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. 

Table 1 

Characteristics of the porous iron scaffolds made by extrusion-based 3D printing. 

Sample group Strut width (μm) Strut spacing (μm) Layer thickness (μm) Absolute porosity (%) Interconnected porosity (%) 

Design 410 400 320 50 –

As-printed iron 420.3 ± 5.5 390.6 ± 5.6 327.4 ± 4.4 47 ± 4 –

As-sintered iron 411.2 ± 5.9 398.9 ± 5.7 320.2 ± 3.7 67 ± 2 65 ± 1 
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ay ANOVA followed by the Tukey post hoc test. For the direct 

ytocompatibility cell count results, statistical analysis was con- 

ucted with one-way ANOVA, followed by the Tukey post hoc test. 

. Results 

.1. Structural characteristics of the porous iron scaffolds 

The porous iron scaffolds exhibited a free-standing characteris- 

ic, where the struts bridged above the underlying layers ( Fig. 2 a). 

ufficient powder loading in the ink ( Fig. 2 b) and strong bond be-

ween powder particles and binder ( Fig. 2 c) allowed the scaffolds 

ith a high aspect ratio to be built and to stay intact without dis- 

ortions or shrinkage after 3D printing. The as-printed specimens 

ad an absolute porosity of 47 ± 4%, with an average strut width 

f 420.3 ± 5.5 μm, and a strut spacing of 390.6 ± 5.6 μm ( Table 1 ).

After sintering ( Fig. 2 d-e), the dimensions of the specimens 

ere slightly reduced by 2.3 ± 0.2% (height) and 2.5 ± 0.2% (di- 

meter). The strut width changed to 411.2 ± 5.9 μm while the 
746 
trut spacing became 398.9 ± 5.7 μm ( Table 1 ). At the periphery of 

he scaffolds, the fusion of iron particles with evident open pores 

etween the necks of iron powder particles could be observed 

 Fig. 2 f). On the cross section, a partially sintered microstructure 

ith pores ranging between 26 and 135 μm inside the struts was 

bserved ( Fig. 2 g). Despite the presence of micropores, the average 

olid fraction of the struts was high ( i.e. , 89 ± 4%). The absolute 

orosity of the as-sintered specimens was 67 ± 2% and the total 

nterconnected porosity was 65 ± 1%, corresponding to a pore in- 

erconnectivity of 96%. Based on the XRD analysis, the as-sintered 

ron scaffolds only contained the α-iron phase ( Fig. 2 h) without 

ny detectable binder residues. 

.2. In vitro corrosion behavior and the corrosion products 

After 28 days of static in vitro immersion, a thick brown corro- 

ion layer almost entirely covered the periphery of the specimens 

 Fig. 3 a). The corrosion products were mostly composed of iron ox- 

de hydroxide ( γ -FeOOH), magnetite (Fe O ), and iron phosphate 
3 4 
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Fig. 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. 
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FePO 4 ) ( Fig. 3 b). The immersion tests performed with 5% CO 2 and

% O 2 slightly increased the pH of the r-SBF solution to 7.62 at day 

8 ( Fig. 3 c). 

Throughout the in vitro immersion tests, the release of iron ions 

o the r-SBF solution remained < 1 ppm ( Fig. 3 d). The concen-

ration of iron ions increased from 0.15 ppm to 0.64 ppm in the 

rst 14 days of immersion and then decreased to 0.08 ppm (at day 

8). On the other hand, the concentrations of calcium and phos- 

hate ions in the r-SBF solution continuously decreased over time 

 Fig. 3 d). A much higher rate of reduction in the concentration of 

he phosphate ion in the solution was observed in the first 14 days 

f immersion ( Fig. 3 d), while a slightly higher precipitation rate 

f calcium ions on the specimens was noticed between days 14 

nd 28. The mass of the iron scaffolds was reduced by 7 ± 1% 

fter 28 days of immersion ( Fig. 3 e). The average in vitro corro- 

ion rate after 1 day of immersion was 0.28 ± 0.05 mg/cm 

2 /day, 

ut declined to 0.11 ± 0.01 mg/cm 

2 /day after 28 days. Accord- 

ng to the ASTM standard G31–72 [53] , the average corrosion 

ates after 1 day and 28 days of immersion could be con- 

erted into 0.13 ± 0.03 and 0.05 ± 0.01 mm/year, respectively 

 Fig. 3 f). 

After 7 days of immersion, loose corrosion products surrounded 

he struts of the scaffolds ( Fig. 4 a). Fine granules of the corrosion

roducts, which were rich in iron, oxygen, and carbon and con- 

ained sodium, calcium, phosphorus, and chlorine, were identified 

 Fig. 4 d and g). After 14 days of immersion, the thickness of the

orrosion layer increased and almost filled the macropores of the 
747 
ron scaffolds ( Fig. 4 b). The morphologies of the corrosion products 

onsisted of a mixture of fine and coarse granules ( Fig. 4 e) and a

ake-like structure ( Fig. 4 h). The composition of the finer granules 

as similar to the one seen after 7 days of immersion ( Fig. 4 e, EDS

), whereas the coarser granules mainly contained calcium, oxygen, 

nd carbon with trace amounts of iron, sodium, and magnesium 

 Fig. 4 e, EDS 2). In the flake-like corrosion products, iron and oxy- 

en were dominant, but carbon and sodium existed too ( Fig. 4 h). 

fter 28 days of immersion, the corrosion products developed into 

 more compact structure ( Fig. 4 c, f). The dense corrosion layer 

as composed of iron, carbon, and oxygen ( Fig. 4 i, EDS 1) or iron

nd oxygen ( Fig. 4 i, EDS 2). 

In addition to the periphery, the corrosion products were also 

ormed in the interconnected pore network of the struts of the 

caffolds ( Fig. 5 a-c). The corrosion products in the micropores were 

redominantly composed of oxygen with traces of iron, calcium, 

nd carbon ( Fig. 5 d-e). Moreover, two other types of corrosion 

roducts were identified in the center of the scaffolds after 28 

ays of immersion ( Fig. 5 f-g). One type, on the strut surface, had

 flake-like morphology and contained iron, oxygen, and carbon 

 Fig. 5 g, EDS 1). The other type had a crystal-like spherical mor- 

hology and contained iron, oxygen, carbon, and calcium ( Fig. 5 g, 

DS 2). As the biodegradation progressed, the pure iron present 

n the scaffolds was gradually consumed. The pure iron fraction in 

he struts reduced from 89 ± 4% before the start of the immersion 

est to 87 ± 2%, 79 ± 2%, and 79 ± 2% after 7, 14, and 28 days of

mmersion, respectively ( Fig. 5 h). 
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Fig. 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. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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.3. Electrochemical response 

According to the PDP curves (Figure S2a), the corrosion poten- 

ial of the iron scaffolds shifted from -781 ± 22 mV after 1 day 

f immersion to -676 ± 17 mV after 28 days of immersion. At the 

ame time points, the corrosion current densities decreased from 

.0 ± 0.3 μA/cm 

2 to 3.5 ± 0.6 μA/cm 

2 (Figure S2a). According to 

he ASTM standard G102–89 [54] , the corrosion rate, based on the 

urrent densities, were calculated to be 0.09 and 0.04 mm/year af- 

er 1 day and 28 days of immersion, respectively. The results were 

uite close to the values obtained from the in vitro immersion tests 

n the cell culture incubator. Moreover, the polarization resistance 

f the iron scaffolds was 3.3 ± 0.6 k �.cm 

2 after 1 day of immer-

ion. It increased to 8.4 ± 1.4 k �.cm 

2 at day 7 and reduced to

.9 ± 0.7 k �.cm 

2 at day 9 of immersion (Figure S2b). From day 

, the value continuously increased with an average rate of 0.35 

 �.cm 

2 per day until day 21, became 9.1 ± 2.1 k �.cm 

2 . At day 28

f immersion, the polarization resistance was 26.7 ± 6.5 k �.cm 

2 . 

The Bode plots of the impedance against frequency ( Fig. 6 a, 

2c) generally showed increases in the impedance modulus for low 
748 
 e.g. , 0.01 Hz) and medium ( e.g. , 10 Hz) frequencies for the en-

ire duration of the immersion tests. The Bode plots impedance 

t 0.01 Hz after 1 day and 28 days of immersion were 2.8 ± 0.6 

 �.cm 

2 and 33.1 ± 2.4 k �.cm 

2 , respectively. At these time points, 

he Bode impedance at 10 Hz were 0.3 ± 0.1 k �.cm 

2 and 11.4 ± 1.4 

 �.cm 

2 , respectively. In the Bode plot of phase angle against fre- 

uency ( Fig. 6 b), the phase angle values at high frequencies ( e.g. ,

0 kHz) decreased from −1.3 ° after 1 day to −53.9 ° after 28 days 

f immersion. In the case of low frequencies ( e.g. , 0.1 Hz), how- 

ver, the phase angle values moved towards more positive values, 

howing a shift in the peak of the plot from a higher frequency to 

 lower frequency throughout the immersion time ( Fig. 6 b). 

The Nyquist plots displayed three different types of spectra 

hroughout the immersion test. The Nyquist plot after 1 day of im- 

ersion showed a single capacitive arc ( Fig. 6 c). After 7 days of 

mmersion, the Nyquist plot showed a larger curve than that of 

he 1-day immersion plot ( Fig. 6 c). From 9 until 24 days of im-

ersion, the Nyquist plots exhibited a two-semicircle continuous 

rc that began with a smaller semicircle at a higher frequency and 

ontinued with an inclined slope forming a second larger curve at 
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Fig. 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. 
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 lower frequency ( Fig. 6 d). In addition to the increase in the di-

meter of the semicircle arc over time, the angle of the inclined 

lope decreased as corrosion progressed ( Fig. 6 d). After 28 days of 

mmersion, the semicircle at the high-frequency region was larger 

nd extended with a moderately inclined straight line for the lower 

requencies ( Fig. 6 e). fail 

.4. Mechanical properties 

The uniaxial compressive stress-strain curves of the porous iron 

caffolds ( Fig. 7 a) began with a linear elastic region, followed by a 

rend resembling strain-hardening during the plastic deformation 

tage until specimen failure. The as-sintered iron scaffolds exhib- 

ted a yield strength of 7.2 ± 0.4 MPa and an elastic modulus of 

.6 ± 0.1 GPa. Over the in vitro immersion period of 28 days, the 

ield strength of the scaffolds increased to 10.6 ± 0.2 MPa after 

 days of immersion and slightly reduced to 9.4 ± 0.9 MPa af- 

er 28 days of immersion ( Fig. 7 b). Likewise, the elastic modulus 

ncreased to 0.6 ± 0.1 GPa after 2 days of immersion and stabi- 

ized at an average value of 0.7 ± 0.2 GPa after 28 days of immer-

ion ( Fig. 7 b). On the other hand, the ultimate strength remarkably 

ropped from 96 ± 6 MPa to 32 ± 2 MPa after 7 days of immer-

ion. Then, it further decreased to 19 ± 7 MPa after 28 days of im- 

ersion ( Fig. 7 c). Moreover, the iron scaffolds became less ductile 

fter the immersion tests and a notable decline in strain at failure 

rom 53 ± 3% to 31 ± 3% was observed after 7 days of immersion. 
749 
he strain at failure further decreased to 13 ± 3% after 28 days of 

mmersion ( Fig. 7 c). 

.5. In vitro cytotoxicity against MC3T3-E1 preosteoblasts 

The 100% iron extract medium contained 120.4 ± 3.7 ppm of 

ron ions. The exposure to the 100% iron extract medium resulted 

n instant cytotoxicity, with 25.6 ± 4.8% metabolic activity remain- 

ng after 24 h and almost no metabolically active cells after 7 days 

f culture ( Fig. 8 a). After the iron extract was diluted to 75% of its

riginal, a metabolic activity of 73.3 ± 9.3% was detected after 24 h 

ulture. However, the trend of decreased activity with culture time 

 i.e. , 33.3 ± 5.9% after 7 days) remained unchanged. When the iron 

xtract medium was further diluted to ≤ 50%, the growth of the 

reosteoblasts was only slightly inhibited, as indicated by the high 

etabolic activity ( > 80%) even after 7 days of culture ( Fig. 8 a). 

From the stained samples, the cell counts from 100%, 75%, and 

0% iron extracts were 133 ± 16 ( Fig. 8 c), 190 ± 63 ( Fig. 8 d), and

53 ± 59 ( Fig. 8 e), respectively. More cells were observed when 

hey were cultured in a lower-concentration iron extract medium. 

urthermore, the individual stress fibers and filopodia of each cell 

ultured in the 100% and 75% iron extract remained recogniz- 

ble ( Fig. 8 c-d). The preosteoblasts in the 75% iron extract exhib- 

ted a polygonal shape and were more outspread (2580.5 ± 247.5 

m 

2 per cell) than the cells grown in the 100% iron extract 

1736.4 ± 209.9 μm 

2 per cell). 
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Fig. 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. 
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The direct seeding of the preosteoblasts on the porous iron 

caffolds resulted in a reduction in the living cell count after 24 h 

f culture ( i.e. , 2.8 ± 0.3 ( × 10 5 ) cells) ( Fig. 8 b). The viable cells

ontinuously declined to 5.6 ± 1.5 ( × 10 4 ) cells, after 3 days of cul-

ure ( p < 0.001). Interestingly, at day 7 of culture, the viable cell 

ount slightly increased to 6.9 ± 2.0 ( × 10 4 ) cells (statistically not 

ignificant). Although it was challenging to quantify the live/dead 

taining results, a number of viable (green) preosteoblasts were 

etectable on the iron scaffolds ( Fig. 8 f-h). More importantly, the 

tained preosteoblasts showed a homogenous distribution over the 

truts of the porous iron scaffolds ( Fig. 8 f-h), indicating a good cell

eeding efficiency in the direct assays. Furthermore, on the SEM 

mages, the surviving cells were identified with extended filopodia 

n the porous structure of the scaffolds ( Fig. 8 i) as well as on the

orrosion products ( Fig. 8 j-k). 

. Discussion 

In this study, an extrusion-based 3D printing process followed 

y debinding and sintering was developed to fabricate porous iron 

caffolds with a lay-down pattern for bone substitution. Since the 

iodegradation rate of bulk iron is generally too low [ 14 , 15 ], a

eometrically ordered porous design was employed to speed up 

he rate of biodegradation of the specimens while maintaining the 

ther important properties of porous iron, including its structural 

ntegrity and bone-mimicking mechanical properties. Our results 

howed that the lay-down pattern design, indeed, enhanced the 

orrosion rate of the iron scaffolds, while the bone-mimicking me- 

hanical properties were retained. As for the cytocompatibility, the 

esults obtained here were comparable to those reported in the 

ther studies of porous iron [ 32 , 40 , 41 ]. 

.1. Extrusion-based 3D printing and post-processing 

The developed fabrication process delivered porous pure iron 

caffolds with a strut size and a strut spacing close to the de- 

ign values ( Table 1 ). The use of an optimized ink formulation and

nk synthesis process was of great importance for achieving such 
750 
romising results. The choice of hypromellose as the binder is be- 

ause of its straightforward preparation, biocompatibility [57] , and 

ts suitable rheological properties for extrusion. The iron ink was 

repared with 49 vol% powder loading to strike a balance between 

he printability (Figure S1a-c) and the self-holding characteristics 

f the struts. The optimized powder-to-binder ratio demonstrated 

hear-thinning flow behavior (Table S1) and ensured sustainable 

rinting without clogging in the nozzle tip and enabled the fab- 

ication of the porous iron scaffolds with a high aspect ratio. 

Following the extrusion-based 3D printing, heat treatment of 

he porous iron scaffolds was performed as post-processing, which 

tarted with a debinding stage where the temperature was set at 

 point where thermal decomposition of hypromellose took place 

Figure S1d). Afterwards, the heat treatment continued to a solid- 

tate sintering stage at a higher temperature, where iron powder 

articles bonded together and formed necks. The parameters of the 

intering process ( i.e. , temperature and holding time) were chosen 

ased on the obtained solid fractions of the struts of the scaffolds 

nder various conditions (Figure S1e). The chosen sintering tem- 

erature (1200 °C) and time (6 h) resulted in the porous iron scaf- 

olds with an 89 ± 4% solid fraction of the struts and an absolute 

orosity of 67 ± 2%. It should be mentioned that a higher solid 

raction can be achieved and will lead to a higher strength of the 

caffolds as a result of enhanced densification [58] . However, in the 

ase of the scaffolds intended for use as biodegradable implants, 

artial sintering may offer an advantage, because the scaffolds will 

ave more exposed powder particle boundary area in the struts. 

nder the present sintering condition, the porous iron scaffolds 

ossessed a pore interconnectivity of 96% ( Fig. 2 ). It is well known 

hat porous bone substitutes with interconnected macro- and mi- 

ropores offer improved biofunctionality by favoring the adhesion, 

rowth, and differentiation of cells during bone regeneration [59] . 

ue to a partial solid-state sintering process, the shrinkage of the 

ron scaffolds was small ( i.e. , < 2.6%). Furthermore, under the cho- 

en sintering condition, the iron scaffolds were only composed of 

he α-iron single phase ( Fig. 2 h), confirming the absence of any 

arbon residues from the decomposed polymer that could have dif- 

used into the base material. 
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Fig. 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. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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.2. In vitro corrosion characteristics and mechanisms 

The static in vitro corrosion rate of porous iron scaffolds 

0.11 ± 0.01 mg/cm 

2 /day at day 28) ( Fig. 3 f), is much higher than

hat of cast pure iron ( i.e. , 0.04 – 0.06 mg/cm 

2 /day) [60] and that of

apidly prototyped porous iron ( i.e. , 0.04 – 0.08 mg/cm 

2 /day) [32] , 

nd electrodeposited iron foam ( i.e. , 0.023 mg/cm 

2 /day) [61] . The 

igher corrosion rate of the scaffolds was attributed to the struts 

hat contained sintered powder particle boundaries with a micro- 
751 
ore network. The random microporous interconnectivity provides 

any intricate sites that are favorable for autocatalytic corrosion 

62–64] , thereby resulting in the enhanced dissolution of iron. Fur- 

hermore, corrosion occurred not only at the periphery ( Fig. 4 ) but 

lso in the struts and the center of the scaffolds ( Fig. 5 ). The pen-

tration of the r-SBF solution into the center of the scaffolds un- 

er static immersion tests can be attributed to the capillary ac- 

ion in the pore network [65] , thereby enhancing the corrosion of 

he scaffold as a whole. Nevertheless, the static in vitro corrosion 
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ate (0.05 ± 0.01 mm/year at day 28) is still lower than the pure 

ron with a refined grain structure, manufactured by electroform- 

ng ( i.e. , 0.40 mm/year) [66] , cross-rolling ( i.e. , 0.11– 0.14 mm/year)

67] , and selective laser melting ( i.e. , 0.085 mm/year) [68] , and

hus requires an improvement to achieve an expected biodegrada- 

ion rate of an ideal bone substitute ( i.e. , 0.2 to 0.5 mm/year) [69] . 

When iron is exposed to a corrosive fluid, the corrosion is gov- 

rned by an anodic reaction, followed by the reduction of the dis- 

olved oxygen and water into hydroxide ions. As the corrosion pro- 

eeds, the pH of the medium increases, and iron (II, III) hydrox- 

des form via the reaction of iron and hydroxide ions. Since iron 

III) hydroxide is less stable, it will transform into a more stable 

ompound, i.e. , iron oxide hydroxide. Moreover, due to the hypoxia 

ondition in the incubator, the iron (II) hydroxide undergoes an 

naerobic Schikorr reaction to form magnetite. Also, the release of 

ron ions increase the surrounding pH level and promote the pre- 

ipitation of phosphate and bicarbonate ions from the r-SBF solu- 

ion. The abovementioned corrosion reactions [68] explain the for- 

ation of iron oxide (hydroxide) and iron phosphate at the pe- 

iphery ( Figs. 3 b and 4 ), as well as the presence of iron, calcium,

arbon, and oxygen in the center of the scaffolds ( Fig. 5 ) that were

dentified after 28 days of in vitro immersion. 

Iron ions in the r-SBF were hardly detected by the ICP-OES anal- 

sis ( Fig. 3 d), due to the participation of iron ions in the forma-

ion of iron-based corrosion products that are largely insoluble in 

 physiological condition [40] . The release trend of iron ions was 

pward in the first 14 days of immersion, corresponding to the el- 

vation of the solution pH value to 7.57. During the same period, 

 faster reduction of phosphate ions in the r-SBF was observed, 

s compared to the reduction of calcium ions. Besides the reac- 

ion with iron ions, the early period of calcium and phosphate 

on reduction could also be related to the precipitation of cal- 

ium phosphate-based corrosion products ( Fig. 4 ). Between days 

4 and 28, a declining trend of iron ion release was noted. The 

light increase in the pH level after 14 days of immersion may 

ave accelerated the precipitation of iron phosphate and carbon- 

te compounds, which explains the decreasing trends of iron ions 

nd more consumption of calcium ions in the medium than in the 

rst 14 days ( Fig. 3 d). The precipitation of iron/calcium carbonate 

eleases hydrogen ions that balances the alkalinity of the solution. 

n addition, with the in vitro corrosion occurring in a 5% CO 2 envi- 

onment, the pH of the r-SBF was also effectively maintained. The 

H value slightly increased to 7.62 at the end of the immersion 

ests. 

From the electrochemical perspective, the corrosion mechanism 

nd kinetics of the porous iron scaffolds evolved during the im- 

ersion period ( Fig. 6 ). The Bode impedance modulus values at the 

ow frequency ( i.e. , 0.01 Hz) indicates the charge transfer resistance 

f the material during biodegradation and at medium frequency 

 i.e. , 10 Hz) is related to the corrosion product formation [ 70 , 71 ].

he increasing trend of impedance modulus values at the low and 

edium frequencies (Figure S2c) suggests the continuous build-up 

f corrosion products on the iron scaffolds throughout the immer- 

ion tests [ 20 , 72 ]. In addition, the Bode plot of the phase angle

alues is indicative of the corrosion susceptibility of the material 

s well. A phase angle value at a high frequency ( e.g. , at 10 kHz)

lose to 0 °, which was observed in the specimen after 1 day of 

iodegradation ( Fig. 6 b), indicates that the material is susceptible 

o corrosion [ 73 , 74 ]. On the contrary, the phase angle shifts to a

ore negative value when the material exhibits more corrosion 

esistance, as observed for the specimens subjected to 28 days of 

iodegradation [ 73 , 74 ]. 

Based on the Nyquist plot after 1 day of immersion ( Fig. 6 c), a

ingle arc was observed, implying the intial active corrosion of iron 

ith a capacitive behavior [64] . The diameter of the capacitive arc 

ndicates the corrosion rate of the material. The greater the diam- 
752 
ter size, the slower the corrosion rate [75] . As the corrosion test 

rogressed to day 7, the diameter of the arc increased, showing 

hat even at the initial stage, the corrosion products hindered the 

rogress of the corrosion process. Thereafter, between days 7 and 

, the Nyquist spectra transformed into a two-semicircle pattern 

 Fig. 6 d). The pattern remained until 24 days of immersion. The 

wo-semicircular arcs present in the Nyquist spectra have been re- 

orted as an indication of a corrosion mechanism that combines 

ctive and diffusive processes [76] . From the observations after 7 

nd 14 days of immersion, corrosion products accumulated at the 

eriphery ( Fig. 4 ), in the center ( Fig. 5 ), and in the micropore net-

ork of the specimens. The active corrosion process most probably 

ccurred on any available iron surface, while the diffusion action is 

xpected to have taken place through the corrosion product layer 

hat was still relatively loose and dispersed. As the corrosion ad- 

anced from day 9 to day 24 ( Fig. 6 d), the diameter of the arcs

rew larger along with a tendency towards a more diffusive corro- 

ion mechanism, as suggested by an increase in the arc diameter 

nd a decreased incline slope for the lower frequencies [77] . Ap- 

roaching day 28, when nearly all of the corrosion products had 

een turned into a dense layer, the corrosion mechanism evolved 

nto a solely diffusion-controlled mechanism ( Fig. 6 e), which is 

allmarked by a straight line in the Nyquist spectra in the low- 

requency region [64] . 

From the in vitro immersion tests and the electrochemical anal- 

sis of the porous iron scaffolds, it is clear that the formation 

f the corrosion products hindered the direct dissolution of iron, 

ence reducing the corrosion rate over time. The evolution of the 

orrosion products from a loose layer to a densely structured layer 

uring the in vitro immersion period is observed. This makes the 

ong-term corrosion mechanism of porous iron scaffolds strongly 

ependent on the diffusion process [64] . An improvement in the 

orrosion rate of porous iron scaffolds can be achieved by perform- 

ng dynamic in vitro immersion tests [41] . Although with the con- 

inuous liquid flow during in vitro immersion, substantial amounts 

f corrosion products may still adhere to the scaffolds after 28 days 

41] . In an in vivo study on iron-based stents, a slower corrosion 

ate than the one estimated from the in vitro tests was found, due 

o the formation of insoluble iron-based corrosion products [78] . 

herefore, the strategies to modify the corrosion products ( e.g ., to 

ake them less adhering) are of great interest for the further de- 

elopment of porous iron scaffolds as bone substitutes. 

.3. Bone-mimicking mechanical properties 

For ad interim metallic bone scaffolds, the mechanical proper- 

ies must be maintained for a certain period until the new bone 

issue can take over the mechanical role of the implant and bear 

hysiological loading. Therefore, the control over the in vivo degra- 

ation rate of the material is of great importance to better estimate 

he rate of biodegradation and avoid a sudden loss of the structural 

ntegrity of the scaffold. The mechanical properties of the porous 

ron scaffolds made by extrusion-based 3D printing remained in 

he range of those of trabecular bone ( i.e. , E = 0.5–20 GPa and

y = 0.2 – 80 MPa) despite 28 days of in vitro biodegradation 

 Fig. 7 ) [ 79 , 80 ]. 

From the stress-strain curves, the as-sintered porous iron scaf- 

olds ( Fig. 7 a) exhibited the typical mechanical characteristics of 

 ductile material. Unlike most geometrically ordered 3D printed 

orous metallic scaffolds [ 81 , 82 ], the stress-strain curves of the 

ron scaffolds did not exhibit a plateau stage. The stress-strain 

urves of the iron scaffolds with a 0 ° to 90 ° lay-down pattern 

ere found to be quite similar to those of the 3D printed scaf- 

olds designed using the solid Schwartz p -unit cells, which also 

ave 90 ° interconnections between their struts [ 83 , 84 ]. In addition 

o the pattern, the pore network in the struts of the scaffolds acted 
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s the center of stress concentration. The distribution of a large 

umber of pores in the struts can also contribute to the strain- 

ardening effect during plastic deformation [85] , which is similar 

o the dispersion-strengthening effect of second-phase precipita- 

ion [86] . 

As an actively corroding material, the in vitro immersion influ- 

nced the yield strength and elastic modulus of the porous iron 

caffolds ( Fig. 7 b). The effects of corrosion on the mechanical prop- 

rties could be explained by the formation of corrosion products 

 Figs. 4 and 5 ) and a drop in the fraction of pure iron fraction in

he makeup of the specimens ( Fig. 5 h). The interfacial bonding be- 

ween iron and its corrosion products might affect the mechanical 

roperties too [87] . Since the elastic modulus and yield strength 

ere measured over a small range of strains during initial defor- 

ation, where loading could still be transferred across iron powder 

article necks and the interfaces between iron and the corrosion 

roducts, the formation of the corrosion products led to increases 

n the yield strength and elastic modulus after 2 days of immer- 

ion. Afterwards, the values fluctuated throughout the 28 days of 

mmersion but remained higher than those of the initial scaffolds. 

he slight increase in the yield strength and elastic modulus could 

e explained by considering the corrosion products as a reinforc- 

ng phase in the porous iron matrix that provided a strengthen- 

ng effect. The addition of iron oxide ( i.e. , 2 and 5 wt%) has, in-

eed, been reported to improve the elastic mechanical properties 

f the iron-iron oxide composite [88] . The fluctuations in the yield 

trength and elastic modulus over the immersion time may be due 

o the evolution of the corrosion product morphology that influ- 

nced their interfacial bonding with the specimens. Another rele- 

ant factor could be the decreasing fraction of iron in the scaffolds 

s corrosion progressed. The latter would significantly affect the 

uctility of the scaffolds ( Fig. 7 c). 

.4. Cytocompatibility characteristics 

Different levels of preosteoblast viability ( Fig. 8 a) were observed 

epending on the dilution level of the iron extract. According to 

he ISO 10993-5 [89] , the 100% iron extract was severely toxic 

level 4) with nearly no metabolically active cells. The 75% iron ex- 

ract was categorized as moderately toxic (level 3) with more than 

0% growth inhibition, while the iron extracts ≤ 50% were slightly 

oxic (level 1) with more than 80% metabolic activity even after 

 days of culture. Moreover, the rhodamine-phalloidin and DAPI 

taining ( Fig. 8 c-e) clearly showed the unfavorable effects of undi- 

uted extracts on the growth of the preosteoblasts. The number of 

ells increased in the diluted extracts contributing to the higher 

etabolic activity detected. The cytotoxicity of iron is often related 

o the uncontrolled formation of ROS, including superoxide anions 

nd hydroxyl radicals via the Fenton reactions [90] . Although a 

roper ROS level plays an important part in some biological events, 

uch as the activation of signaling pathways and gene expression, 

xcessive ROS may lead to oxidative stresses, which will harm the 

ells [90] . 

Of note, the iron extracts were prepared with an extraction ra- 

io of 5 cm 

2 /mL, which is higher than the most reported extrac- 

ion ratios in the in vitro studies of iron-based materials ( e.g. , 2.5 

m 

2 /mL [32] and 1.25 cm 

2 /mL [ 43 , 68 , 91 ]). In addition to the rel-

tively high solution volume-to-surface area ratio, the 72 h iron 

xtraction in the cell culture medium resulted in a higher iron ion 

oncentration as compared to the extract from the r-SBF medium, 

hich is most likely due to the presence of serum [ 92 , 93 ]. A higher

xtraction ratio combined with a high iron ion release of the scaf- 

olds created in this study explains the immediate cytotoxicity of 

he 100% iron extract that was observed. A safe iron ion con- 

entration for bone marrow stem cells has been reported to be 

 75 mg/L [13] , which is similar to the results obtained in our
753 
xtraction-based assays with ≤ 50% iron extracts and the other 

esults obtained from indirect cell culture [ 32 , 43 , 68 , 91 ]. Most in

ivo studies on iron-based materials for implant applications have 

ound those biomaterials to be systemically biocompatible [ 14 , 94–

6 ], while only a few studies have found some evidence of local 

nflammation post implantation [ 95 , 96 ]. In our indirect assays, the 

ore cytocompatible iron extracts ( i.e. , ≤ 50%) are more likely to 

orrespond to the actual in vivo conditions, given the fact that the 

ynamic flow of body fluids will inevitably decrease the concen- 

ration of iron ions in the implant vicinity. Given the high baseline 

f iron loading in the blood ( i.e. , 0.447 g/L), the release of iron ions

rom an implant is too small to cause systemic toxicity [97] . Local 

issue toxicity analysis is, therefore, more relevant for such porous 

ron. 

The present direct cell seeding tests demonstrated a cytotoxic 

ffect of the porous iron scaffolds with a 17-fold reduction of vi- 

ble cells within the first 3 days of culture, and afterwards only 

rowth inhibition. Reductions in cell viability were also observed 

n the direct culture of mouse bone marrow stem cells on 60 vol% 

orous Fe-30Mn scaffolds [31] , human osteosarcoma cells on 40 

ol% porous Fe-30Mn6Si1Pd scaffolds [29] , 3T3 fibroblasts [32] as 

ell as rabbit bone marrow stem cells [35] on porous iron scaf- 

olds. Interestingly, despite significant reductions in the number 

f viable cells, the preosteoblasts were still found stretching in 

he pores ( Fig. 8 i) and adhering to the corrosion products of the 

orous iron scaffolds ( Fig. 8 j-k). The spreading morphology of the 

reosteoblasts may be due to the combined effect of the sur- 

ace morphology and the presence of calcium- and phosphate- 

ased corrosion products that are known to be osteoconductive 

14] . Since in vitro cytocompatibility assessment cannot completely 

imic the in vivo conditions, these preliminary results warrant in 

ivo studies on 3D printed porous iron scaffolds, particularly to 

tudy the local cyto- and histo-compatibility of the porous iron 

caffolds. 

. Conclusions 

In this study, the iron scaffolds with a lay-down pattern were 

uccessfully fabricated by using extrusion-based 3D printing and 

ubsequent sintering, which allowed for comprehensive character- 

zation of the material for application as a biodegradable bone 

ubstitute. The structure of the fabricated porous iron scaffolds 

as highly interconnected, owing to the presence of macropores 

rom the pattern design and random micropores in the struts. Af- 

er 28 days of static in vitro immersion, the mass of the porous 

ron reduced by 7%. The in vitro corrosion rate decreased from 

.28 down to 0.11 mg/cm 

2 /day, with different corrosion mecha- 

isms operating over the 28 days of static immersion. The yield 

trength and elastic modulus of the porous iron scaffolds slightly 

ncreased due to the formation of corrosion products in the struts 

uring the 28 days of in vitro corrosion. These values remained 

ithin the range of the mechanical properties of trabecular bone. 

he direct culture of preosteoblasts on the iron scaffolds re- 

ealed cytotoxicity, due to the high concentration of iron ions, 

s explained by the results from the extraction-based assays. Fur- 

her in vitro cytotoxicity experiments ( e.g. , co-culture of multiple 

ypes of cells and in vivo studies) should be performed [84] un- 

er dynamic conditions. Taken together, our results showed that 

xtrusion-based 3D printing could deliver porous iron scaffolds 

ith enhanced biodegradability and bone-mimicking mechanical 

roperties for potential application as bone substitutes. Introduc- 

ng bioactive components in the form of coatings [15] or inside the 

caffold body to form composites [ 36 , 69 ] may be explored to fur-

her improve the biofunctionalities of such 3D printed porous iron 

caffolds. 
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