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a b s t r a c t 

The development of biodegradable Fe-based bone implants has rapidly progressed in recent years. Most 

of the challenges encountered in developing such implants have been tackled individually or in combi- 

nation using additive manufacturing technologies. Yet not all the challenges have been overcome. Herein, 

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, includ- 

ing low biodegradation rate, MRI-incompatibility, mechanical properties, and limited bioactivity. In this 

research, we developed inks containing Fe, 35 wt% Mn, and 20 or 30 vol% akermanite powder mix- 

tures. 3D printing was optimized together with the debinding and sintering steps to obtain scaffolds 

with interconnected porosity of 69%. The Fe-matrix in the composites contained the γ -FeMn phase as 

well as nesosilicate phases. The former made the composites 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, falling within the ideal range of biodegradation rates for bone substitution. The yield 

strengths of the porous composites stayed within the range of the values of the trabecular bone, despite 

in vitro biodegradation for 28 d. All the composite scaffolds favored the adhesion, proliferation, and os- 

teogenic differentiation of preosteoblasts, as revealed by Runx2 assay. Moreover, osteopontin was detected 

in the extracellular matrix of cells on the scaffolds. Altogether, these results demonstrate the remarkable 

potential of these composites in fulfilling the requirements of porous biodegradable bone substitutes, 

motivating future in vivo research. 

Statement of significance 

We developed FeMn-akermanite composite scaffolds by taking advantage of the multi-material capacity 

of extrusion-based 3D printing. Our results demonstrated that the FeMn-akermanite scaffolds showed an 

exceptional performance in fulfilling all the requirements for bone substitution in vitro, i.e. , a sufficient 

biodegradation rate, having mechanical properties in the range of trabecular bone even after 4 weeks 

biodegradation, paramagnetic, cytocompatible and most importantly osteogenic. Our results encourage 

further research on Fe-based bone implants in in vivo . 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

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

In recent years, remarkable progress has been made in the de- 

elopment of biodegradable Fe-based metals to assist in the re- 
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eneration of critical-size bony defects. In particular, researchers 

ave tried to address some key challenges and find viable so- 

utions to speed up the clinical adoption of such metals [1] . 

he first challenge concerns the slow degradation rate of pure 

e in vivo [2] . To improve their biodegradation profile, Fe im- 

lants have been recently designed to possess geometrically or- 

ered porous structures, which are then realized through additive 
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anufacturing (AM) [3] . The resulting hierarchical porous Fe struc- 

ures have, indeed, exhibited enhanced rates of biodegradation in 

itro [4] . The second challenge concerns the inherent ferromag- 

etic behavior of Fe, which hinders its use in patients who may 

eed magnetic resonance imaging (MRI) during their treatments. 

lloying Fe with > 28 wt% Mn has been shown to make Fe anti-

erromagnetic [5] , thereby removing a critically important barrier 

o potential clinical adoption of Fe-based implants, while also in- 

reasing the biodegradation rate of Fe [6] . In addition, the mechan- 

cal properties of FeMn alloys have been shown to be tunable by 

arying the porosity, pore shape, and pore sizes so as to match the 

echanical properties of the trabecular bone [ 7 , 8 ] as well as those

f the cortical bone [9–11] . 

Despite all these developments, the biocompatibility of FeMn 

lloys for bone implants remains limited, potentially hindering the 

rogress of the bone tissue regeneration. Porosity has been gener- 

lly found to dictate the biodegradation profile and, thus, the bi- 

logical response of Fe-based materials. For porosities < 40 vol%, 

everal studies have found FeMn alloys to be cytocompatible with 

ell types such as mouse preosteoblasts MC3T3-E1 [12–14] , mouse 

broblasts (3T3 [15] , L929 [16] ), and mouse bone marrow stro- 

al cells (BMSCs) [7] . FeMn alloys with higher porosities ( e.g. , 60

ol% [7] and 69 vol% [17] ), however, have presented in vitro cy- 

otoxicity against mouse BMSCs [7] and preosteoblasts MC3T3-E1 

17] . That said, one study has reported in vitro cytocompatibility 

f 85 vol% porous FeMn alloy structures for MC3T3-E1 cells [8] . 

he picture regarding the biological performance of porous FeMn 

lloys is incomplete because most of the findings regarding their 

n vitro cytocompatibility is based on short-term in vitro tests ( i.e. , 

p to 7 days), while their osteogenic potential is hardly studied. 

he biodegradation rates of FeMn alloys have been reported to be 

ower in vivo than in vitro [18] . A slower biodegradation rate typi- 

ally translates into improved biocompatibility of FeMn alloys, due 

o the decreased amounts of metallic ions released per unit time. 

elective laser-melted Fe25Mn alloy (with 66.7% porosity [9] ) and 

e35Mn alloy (with 42.6% porosity [10] ) have presented in vitro 

iodegradation rates of 0.25 mm/y and 0.42 mm/y, respectively. In 

ivo , another selective laser-melted Fe30Mn alloy (with a porosity 

ange of 37.9 – 47.2%) has shown a volume loss of 10.1 – 20.9% 

fter 48 weeks of implantation [11] , corresponding to degradation 

ates of 0.04 to 0.11 mm/y, which falls outside the desired range of 

iodegradation rates ( i.e. , 0.2 – 0.5 mm/y [19] ). 

A broad spectrum of biofunctionalities is one of the most im- 

ortant prerequisites for biomaterials to be utilized in clinical set- 

ings [20] . The concerns regarding the biological response triggered 

y the porous FeMn alloys may delay their clinical adoption, de- 

pite the positive results of a number of in vivo studies [ 10 , 11 ]. To

ddress this concern, FeMn alloys have been enriched with Ca [13] , 

u [21] , Si-Ca [22] , and hydroxyapatite [23] to reduce the com- 

ined release of Fe and Mn ions and their adverse effects on cells. 

n addition to Ca, Mg/Si-based bioactive ceramics ( e.g. , akerman- 

te and bredigite) have shown promise in improving the biological 

roperties of pure Fe [ 24 , 25 ]. The magnesium content of these bio-
Fig. 1. The morphologies of (a) iron, (b) ma

183 
eramics can stimulate the osteogenic differentiation of cells [26] , 

hile silicon helps in the synthesis of collagen matrix and bone 

ineralization [27] . Indeed, adding akermanite (20 vol%) to pure Fe 

as been shown to enable continuous proliferation of bone cell and 

he secretion of collagen for biomineralization [25] . However, all 

hese results pertain to pure iron and not FeMn alloys, for which 

he potential benefits of adding akermanite are unknown. 

In this study, we propose 3D printed geometrically ordered 

orous FeMn-akermanite composites to address all the above- 

entioned challenges regarding Fe-based biodegradable metals, in- 

luding ( i ) low biodegradation rate, ( ii ) MRI incompatibility, ( iii )

ncertain cytotoxicity, and ( iv ) limited bioactivity for bone regen- 

ration. We developed an extrusion-based 3D printing technique 

ia an ex situ multi-material AM route [28] to fabricate porous 

eMn-akermanite composites, which has never been reported in 

he literature. Based on the fabrication of the composites, we com- 

rehensively evaluated the in vitro properties of the composites, 

ncluding their biodegradation behavior, electrochemical response, 

agnetic properties, mechanical performance before and after in 

itro biodegradation. Furthermore, the in vitro cytocompatibility of 

he composites with MC3T3-E1 cells and their osteogenic potential 

ere assessed. 

. Materials and methods 

.1. FeMn-akermanite ink preparation 

Fe powder (purity = 99.88 wt%; spherical morphology; parti- 

le sizes < 63 μm, Fig. 1 a ) and Mn powder (purity = 99.86 wt%;

rregular morphology; particle sizes < 45 μm, Fig. 1 b ) were pur- 

hased from Material Technology Innovations Co. Ltd., China. Ak- 

rmanite powder (Ca 2 MgSi 2 O 7 ; containing 8.92 wt% Mg; irregu- 

ar morphology; particle sizes < 45 μm, Fig. 1 c ) was produced 

rom tetraethyl orthosilicate [(C 2 H 5 O) 4 Si, TEOS], magnesium ni- 

rate hexahydrate [Mg(NO 3 ) 2 ·6H 2 O], and calcium nitrate tetrahy- 

rate [Ca(NO 3 ) 2 ·4H 2 O] with a sol-gel method, followed by calcina- 

ion, as described in [29] . 

Fe, Mn, and akermanite powder mixtures with 35 wt% Mn and 

ither 20 or 30 vol% akermanite, hereafter referred as Fe35Mn- 

0Ak and Fe35Mn-30Ak, respectively, were prepared using a roller 

ixer (CAT Zipperer GmbH, Germany) at 80 rpm for 18 h. The 

owder mixtures were blended with a hydro-ethanol binder con- 

aining 5 wt% hydroxypropyl methylcellulose (hypromellose M w 

86 kDa, Sigma Aldrich, Germany) [17] . The powder mixture in 

he inks corresponded to a volume ratio of 47.45%. The rheologi- 

al characteristics of the inks were determined using an MCR302 

heometer (Anton Paar GmbH, Germany). 

.2. Extrusion-based 3D printing, debinding and sintering 

The FeMn-Ak inks were extruded using a 3D BioScaffolder 3.2 

rinter (GeSiM Bioinstruments and Microfluidics, Germany) in a 

ay-down pattern design of 0 ° and 90 ° switching every other layer 
nganese, and (c) akermanite powders. 
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Fig. 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 locations of the EDS point analyses. 
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o build cylindrical porous specimens ( φ = 10 mm, h = 10.5 mm). 

he porous scaffolds were designed with a strut size of 410 μm, 

 strut spacing of 400 μm, a layer height of 328 μm, a surface 

rea of 40.4 cm 

2 , and a relative porosity of 50% ( Fig. 2 a ). The

xtrusion-based 3D printing was performed at a printing speed of 

.5 mm/s under the printing pressures of 325 kPa and 360 kPa 

or the Fe35Mn-20Ak and Fe35Mn-30Ak inks, respectively. After 

D printing, the green bodies were placed inside a tube furnace 

STF16/180, Carbolite Gero Ltd., UK) under highly pure argon flow 

purity = 99.9999%). Then, debinding was performed at 350 °C for 

 h, followed by sintering at 1200 °C for 6 h and then cooling to

oom temperature. The as-sintered FeMn-Ak scaffolds were ultra- 

onically cleaned in isopropyl alcohol for 15 min for further inves- 

igations. 

.3. Characterization of microstructure, porosity, and phase 

omposition 

The shrinkage of the scaffolds in diameter and height due to 

intering were measured. The morphology, the struts characteris- 

ics ( i.e. , strut size, strut spacing, layer height, and strut spacing 

n the z -direction), and the chemical composition of the porous 

eMn-Ak scaffolds were observed and measured using a scanning 

lectron microscope (SEM, JEOL JSM-IT100, Japan) equipped with 

nergy dispersive X-ray spectroscopy (EDS, JEOL JSM-IT100, Japan). 

he cross sections of the as-sintered Fe35Mn-30Ak struts were 
184 
bserved using SEM and the elemental compositions were deter- 

ined using EDS mapping and EDS line analyses (JEOL JSM-IT100, 

apan). 

In addition, the phases present in the composite scaffolds were 

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

SA). The XRD analysis in the Bragg-Brentano geometry was per- 

ormed using a LynxEye position-sensitive detector with a graphite 

onochromator under Cu K α radiation, at 45 kV and 40 mA, with 

 step size of 0.030 ° and a counting time of 2 s per step. The XRD

esults were analyzed using the Diffrac Suite.EVA v6.0 software. 

The absolute porosity values of the FeMn-Ak composites were 

etermined, using dry weighing and Eq. (1) . The interconnected 

orosity of the scaffolds was determined by using the oil- 

mpregnation technique and Eq. (2) , following the ASTM standard 

963-13 [30] based on Archimedes’ principle with ethanol as the 

ubstitute of water in order to avoid corrosion of the composite 

pecimens: 

 a = 

(
1 − m/ρF eMn −Ak 

V bulk 

)
× 100% (1) 

 i = 

(
ρethanol 

ρoil 

× m o − m a 

m o − m eo 

)
× 100% (2) 

here ϕa and ϕi are the absolute and interconnected porosities, 

espectively [%], m is the mass [g] of the as-sintered scaffold, V bulk 

s the bulk volume [cm 

3 ], ρ is the theoretical density of 
FeMn-Ak 
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he FeMn-Ak composite ( i.e. , 6.68 g/cm 

3 for Fe35Mn-20Ak and 

.22 g/cm 

3 for Fe35Mn-30Ak), ρethanol is the density of ethanol 

 i.e. , 0.789 g/cm 

3 ), ρoil is the density of oil ( i.e. , 0.919 g/cm 

3 ), m a 

s the mass of the specimen weighed in air [g], and m o and m eo 

re the masses of the oil-impregnated scaffolds weighed in air and 

n ethanol [g], respectively. 

.4. Measurement of magnetic susceptibility 

The magnetic behavior of porous FeMn-Ak specimens (in tripli- 

ate, before and after 28 d of in vitro biodegradation) was assessed 

y exposing the specimens to a 2 T magnetic field in a vibrat- 

ng sample magnetometer (VSM 7307, Lake Shore, USA). Geomet- 

ically similar porous pure Fe specimens ( i.e. , with a lay-down pat- 

ern design of 0 °/90 ° angle, strut size = 411 μm, and porosity 67% 

31] ) were tested as the control group. Magnetic hysteresis loops 

ere obtained and analyzed to determine the saturated and resid- 

al magnetization values, as well as the magnetic susceptibility of 

he specimens. 

.5. In vitro biodegradation tests 

.5.1. Static immersion and characterization of the biodegradation 

roducts 

A revised simulated body fluid (r-SBF) solution [32] with a 

edium volume of 6.7 mL per 1 cm 

2 of the scaffold surface area 

33] and an initial pH of 7.40 was used for the in vitro biodegra-

ation test of FeMn-Ak composite scaffolds f or 1, 4, 7, 14, and 

8 d. The surface area of the specimen used for the calculation 

f the volume of r-SBF was based on the initial scaffold design 

alue. The scaffolds were immersed under static conditions, in a 

emperature of 37 ± 0.5 °C, relative humidity (RH) of 95%, and 5% 

O 2 atmosphere. The specimens (in triplicate for each time point) 

ere sterilized before the start of the immersion tests, and the r- 

BF medium was filtered using a 0.22 μm pore size filter (Merck 

illipore, Germany). During the immersion tests, the pH value of 

he medium was measured using a pH electrode (InLab Expert Pro- 

SM, METTLER TOLEDO, Switzerland). 

At the designated time points, the specimens were retrieved to 

haracterize their morphology and determine the chemical com- 

osition of biodegradation products using SEM and EDS (JEOL JSM- 

T100, Japan). The phases present in the biodegradation products 

fter immersion for 28 d were identified using XRD (D8 Advance, 

ruker, USA). The Fe 2 + , Mn 

2 + , Ca 2 + , Mg 2 + , Si 4 + , and PO 4 
3 − ion

oncentrations in the medium were measured at various time 

oints using inductively coupled plasma - optical emission spec- 

rometry (ICP-OES, iCAP 6500 Duo, Thermo Scientific, USA). 

Furthermore, the biodegradation rates of the FeMn-Ak compos- 

tes were determined using mass loss measurements. First, the 

iodegraded scaffolds were immersed in a HCl solution contain- 

ng hexamethylene tetramine (Sigma Aldrich, Germany) to dissolve 

he precipitated biodegradation products. The removal cycle is de- 

cribed in detail in our previous publications [ 17 , 25 , 31 ], following

he ASTM standard G1-03 [34] . The remaining scaffold material 

as weighed and the average biodegradation rate was calculated 

sing Eq. (3) , based on the ASTM standard G31-72 [35] : 

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

4 × m 

A × t × ρ
(3) 

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

orous composite specimen [cm 

2 ] calculated based on the initial 

caffold design value, t is the immersion period [h], and ρ is the 

heoretical density of the FeMn-Ak composite (g/cm 

3 ). 

.5.2. Electrochemical tests 

The electrochemical characteristics of the porous FeMn-Ak com- 

osites were studied using a Bio-Logic SP-200 potentiostat (Bio- 
185
ogic Science Instruments, France) with the setup and parameters 

escribed in our previous publications [ 17 , 25 , 31 ]. Briefly, the po-

entiostat consisted of three electrodes, including an Ag/AgCl elec- 

rode as the reference electrode, a graphite bar as the counter elec- 

rode, and the porous specimen partially embedded in an acrylic 

esin as the working electrode. Potentials reported are vs. Ag/AgCl 

eference electrode unless stated differently. The corrosion medium 

as r-SBF [32] with an initial pH of 7.40. The temperature was 

aintained at 37 ± 0.5 °C. The exposed surface area of the speci- 

ens was calculated, based on their initial designs. Linear polariza- 

ion resistance (LPR) and electrochemical impedance spectroscopy 

EIS) measurements were performed for up to 28 d. The LPR val- 

es were measured at a scanning rate of 0.167 mV/s from -25 to 

 25 mV vs. OCP. The EIS tests were performed at frequencies rang- 

ng between 100 kHz and 10 mHz using a 10 mV sine amplitude 

s. OCP. 

.6. Mechanical characterization 

The compressive mechanical properties of the porous FeMn-Ak 

omposites were evaluated before and after in vitro biodegradation 

ests (in triplicate) using a universal mechanical testing machine 

ith a 100 kN load cell (Zwick Z100, Germany). The compression 

ests were conducted, following the ISO standard 13314:2011 [36] , 

t a crosshead speed of 3 mm/s. The strain values were deter- 

ined, based on the deformation of the specimen. From the stress- 

train curves, the compressive 0.2% offset stress (referred to as the 

ield strength) and the quasi elastic gradient (referred to as the 

oung’s modulus) were determined. The yield strength value was 

he stress value at the intersection of the stress-strain curve with 

 line (0.2% offset) parallel to the linear region of the stress-strain 

urve. The Young’s modulus value was determined as the slope of 

he linear region of the stress-strain curve. The initial toe region 

f the stress-strain curves was not considered in the calculation of 

he yield strength and Young’s modulus. 

.7. Cytocompatibility evaluation 

.7.1. Preculture of preosteoblasts and preparation of FeMn-Ak 

omposites extracts 

Murine preosteoblasts (MC3T3-E1, Sigma Aldrich, Germany) 

ere cultured in a flask in a cell culture incubator (temper- 

ture = 37 ± 0.5 °C, relative humidity (RH) = 95%, CO 2 con- 

ent = 5%). The cell culture medium contained the α-minimum 

ssential medium ( α-MEM) supplemented with 10% fetal bovine 

erum (FBS) and 1% penicillin/streptomycin (p/s). The cell culture 

edium components were purchased from Thermo Fisher Scien- 

ific, USA. 

The extracts of the composite specimens were obtained by in- 

ubating the sterile specimens ( φ = 10.2 mm, h = 10.6 mm) in 

he cell culture medium (with a ratio of 1 mL per 5 cm 

2 specimen

urface area) for 72 h [37] . The surface area of the composites was

alculated, using their initial design. Thereafter, the extracts were 

etrieved and filtered through a 0.22 μm pore (Merck Millipore, 

ermany). The concentrations of Fe 2 + , Mn 

2 + , Ca 2 + , Mg 2 + , and Si 4 + 

ons in the extracts were measured using ICP-OES (iCAP 6500 Duo, 

hermo Scientific, USA). 

.7.2. Indirect cell culture and metabolic activity assay 

Murine preosteoblasts (MC3T3-E1, 1 × 10 4 cells per well) were 

ultured in triplicate in a 48-well plate containing 200 μL of the 

bove-described extracts. Preosteoblasts cultured in the normal cell 

ulture medium were used as the negative control. After 1, 3, and 

 d of cell culture, the metabolic activity of cells was evaluated us- 

ng PrestoBlue assay, following procedure described in our previous 
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ublications [ 17 , 25 , 31 ]. The PrestoBlue reagent (Thermo Fisher Sci-

ntific, USA) was added to the wells, followed by incubation for 1 h 

nd the measurement of the absorbance values using a microplate 

eader at a wavelength of 570 nm (Victor X3, PerkinElmer, USA). 

he metabolic activity of the cells was determined as: 

etabolic activity [ % ] = 

Absorbance ( specimen ) 

Absorbance ( negative control ) 
× 100 

(4) 

.7.3. Direct culture of cells on the specimens with live-dead staining 

nd SEM imaging 

Murine preosteoblasts (MC3T3-E1, 5 × 10 4 cells per speci- 

en) were cultured on the FeMn-Ak specimens ( φ = 7.0 mm and 

 = 0.6 mm) in 6-well plates containing 8 mL of cell culture 

edium. Osteogenic cell culture medium (made of α-MEM, sup- 

lemented with 10% FBS, 1% p/s, 1:10 0 0 ascorbic acid, and 1:500 

-glycerophosphate) was used from day 2 onwards. The speci- 

ens were cultured for 7 and 21 d (in triplicate for each of the 

ime points). The viability of cells on the composite specimens 

as determined using calcein and ethidium homodimer-1 stain- 

ng (Thermo Fisher Scientific, USA), following the procedure de- 

cribed in our previous publications [ 17 , 25 , 31 ]. The morphology of

he cells was observed using SEM (JEOL JSM-IT100, Japan). Geo- 

etrically similar porous Ti6Al4V ( i.e. , with a lay-down pattern de- 

ign of 0 °/90 ° angle, made by means of selective laser melting) and 

e-35Mn alloy ( i.e. , with a lay-down pattern design of 0 °/90 ° angle,

trut size = 412 μm, and porosity 69% [17] ) specimens were used 

s the controls for the cell morphology evaluation at the selected 

ime points. 

.7.4. Immunostaining of osteogenic markers 

The immunostaining of the MC3T3-E1 cells cultured on the 

omposite specimens was performed at day 14 for Runt-related 

ranscription factor 2 (Runx2) and at day 21 for osteopontin 

OPN). A similar procedure as described in our previous publica- 

ion [25] was followed. Briefly, at the designated time points, the 

pecimens were washed with phosphate buffer saline (PBS) and 

ere fixed using 4% paraformaldehyde for 15 min, followed by 

ermeabilization using 0.5% Triton/PBS for 5 min at 4 °C (Sigma 

ldrich, Germany). Consecutively, the specimens were individu- 

lly incubated in well-plates containing 1% bovine serum albumin 

BSA)/PBS for 5 min at 37 °C. In this study, the primary antibod- 

es of anti-Runx2 anti-rabbit (1:250 per specimen, Abcam, UK) and 

nti-OPN anti-mouse (1:100 per specimen, Santa Cruz Biotechnol- 

gy, USA) were added, and the specimens were incubated at 37 °C 

or 1 h. Thereafter, the specimens were washed 3 times using 0.5% 

ween/PBS (Sigma Aldrich, Germany), followed by an incubation 

tep at 37 °C for 1 h in 1% BSA/PBS containing conjugated sec- 

ndary antibodies of Alexa Fluor 488 anti-rabbit (1:200, Thermo 

ischer Scientific, USA) and Alexa Fluor 594 anti-mouse (1:100, 

hermo Fischer Scientific, USA). Subsequently, the specimens were 

ashed 3 times using 0.5% Tween/PBS prior to imaging using a 

icroscope (ZOE cell imager, Bio-Rad, USA). Geometrically similar 

orous Ti6Al4V specimens ( i.e. , with a lay-down pattern design of 

 °/90 ° angle, made by selective laser melting) were used as the 

ontrols for the Runx2 staining at day 14. 
Table 1 

The geometric characteristics of the extrusion-based 3D

Sample group Strut width 

(μm) 

Strut spacing

(μm) 

Fe35Mn-20Ak 419 ± 3 391 ± 3 

Fe35Mn-30Ak 414 ± 3 395 ± 4 

186 
.8. Statistical analysis 

The statistical analysis of the PrestoBlue results was performed 

sing a two-way ANOVA, followed by a Tukey multiple compari- 

on post hoc test ( ∗∗∗∗ = p < 0.0 0 01, ∗∗∗ = p < 0.001, ∗∗ = p <

.01, and 

∗ = p < 0.05, n.s. = not significant). 

. Results 

.1. Characteristics of the porous FeMn-Ak composite scaffolds 

Extrusion-based 3D printing was successful in fabricating 

orous FeMn-Ak scaffolds ( Fig. 2 a ). The design of the lay-down 

attern was such that the struts bridged above the underly- 

ng layers at 0 ° and 90 ° angles ( Figs. 2 b, S2, S3 ). The FeMn-

0Ak had a diameter ( φ) of 10.04 ± 0.01 mm and a height 

 h ) of 10.46 ± 0.02 mm. The FeMn-30Ak had a diameter ( φ) of

0.02 ± 0.03 mm and a height ( h ) = 10.47 ± 0.04 mm. All these

alues are very close to the initial design values ( φ = 10 mm; 

 = 10.5 mm). In addition to the cylindrical specimens, the 

xtrusion-based 3D printing was capable of fabricating geometri- 

ally complex implants ( e.g. , hip stem and acetabular components 

 Fig. 2 d )). Given that the success in 3D printing strongly depends 

n adequate powder loading in the ink as well as its rheologi- 

al behavior, viscosity and shear stress of the FeMn-akermanite- 

ontaining inks as a function of shear rate were determined to 

onfirm the shear-thinning behavior ( Fig. S1 ). On the struts of the 

reen-body scaffolds ( Fig. 2 b ), individual powder particles ( i.e. , Fe, 

n, and akermanite) could still be discerned ( Fig. 2 c ), together 

ith a relatively high mass% of carbon from the hypromellose 

inder ( i.e. , 6–19%, Fig. 2 g , EDS points 1-4). 

After debinding and sintering, the FeMn-Ak composite scaffolds 

aintained the original geometrical design ( Figs. 2 e, S2 ) with min- 

mal expansions of 1–1.5% in height and 1.4–1.8% in diameter. The 

easured mean values of the strut size, strut spacing, layer height, 

nd strut spacing in z -direction are listed in Table 1 . The struts

f the specimens featured an open micro-porous architecture with 

bsolute porosities of 69% and 70% ( ± 3%) for Fe35Mn-20Ak and 

e35Mn-30Ak, respectively. The interconnected porosity of both 

ypes of the composite scaffolds was 69% ± 1%. The spherical parti- 

les found on the periphery of the Fe35Mn-30Ak struts were com- 

osed of Fe and Mn (EDS point 5 in Fig. 2 f-g ). These spherical pow-

er particles were decorated and occasionally connected by irreg- 

larly shaped particles that were mainly composed of Ca, Mg, Si, 

nd O, in addition to traces of Fe and Mn ( Fig. 2 f-g , EDS points 6

o 8). Similar observations were made for the Fe35Mn-20Ak speci- 

ens ( Fig. S2 ). After sintering, the mass percentages of carbon on 

he struts of both types of the scaffolds ( i.e. , 0.6–1.2%, Fig. 2 g , EDS

oints 5 to 8) were significantly decreased as compared to those 

f the green bodies. 

On the cross sections of the Fe35Mn-30Ak specimens, EDS map- 

ing analysis indicated the diffusion of Fe and Mn into the aker- 

anite particles (highlighted by boxes in Fig. 3 a ). The depths of 

he elemental diffusion of Fe and Mn into the akermanite phase 

ere measured to be ≈ 4.9 μm and > 28 μm, respectively ( Fig. 3 b ).

RD analysis revealed the presence of the γ -FeMn phase in the 

pecimens, thereby confirming the successful in situ alloying of 

e with Mn during sintering ( Fig. 4 a ). In addition, the nesosili-
 printed FeMn-Ak composite scaffolds. 

 Layer 

height (μm) 

Strut spacing in the 

z direction (μm) 

325 ± 5 235 ± 6 

326 ± 8 240 ± 8 
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Fig. 3. The cross sections of the composite struts: (a) EDS mapping 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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ate crystalline phases, including kirschsteinite (Ca(Fe)SiO 4 ), glau- 

ochroite (Ca(Mn)SiO 4 ), and monticellite (Ca(Mg)SiO 4 ), were iden- 

ified ( Fig. 4 a ). The intensities of the nesosilicate phases were 

igher in the specimens containing with more akermanite. 

.2. Magnetic properties 

The saturated magnetization of the FeMn-Ak composites in the 

resence of 2 T magnetic field ( i.e. , 0.64 Am 

2 /kg for Fe35Mn-20Ak

nd 0.71 Am 

2 /kg for Fe35Mn-30Ak, Fig. 4 c ) was 2–3 orders of

agnitude lower than that of comparable pure Fe scaffolds ( i.e. , 

90 Am 

2 /kg). The residual magnetism values of the porous com- 

osites were low too ( i.e. , 0.05 and 0.06 Am 

2 /kg for Fe35Mn-

0Ak and Fe35Mn-30Ak, respectively). After 28 d of biodegrada- 

ion ( Fig. 4 d ), the saturation magnetization values of the porous 

eMn-Ak scaffolds only slightly increased (to 0.9 Am 

2 /kg) but nev- 

rtheless remained multiple orders of magnitude below that of 

ure Fe. Along with in vitro biodegradation, the residual mag- 

etism values of the porous composites decreased to 0.03 and 

.02 Am 

2 /kg, respectively. The magnetic susceptibility values of 
187 
he porous composites were 3.6 ± 0.2 ( ×10 −3 ) for Fe35Mn-20Ak 

nd 3.7 ± 0.4 ( ×10 −3 ) for Fe35Mn-30Ak. After 28 d of biodegra- 

ation, the values remained low ( i.e. , 4.0 ± 0.4 ( ×10 −3 ) and

.5 ± 0.9 ( ×10 −3 ) for Fe35Mn-20Ak and Fe35Mn-30Ak, respec- 

ively). As for the ferromagnetic pure Fe, the magnetic susceptibil- 

ty value was 5.08 ± 0.05, which was three orders of magnitude 

igher than the values of the porous FeMn-Ak composites scaf- 

olds. 

.3. Biodegradability and the characteristics of the biodegradation 

roducts 

During the in vitro biodegradation tests, the typical yellow- 

rownish layer of Fe-based biodegradation products formed on the 

pecimens ( Fig. 5 a ). Initially ( i.e. , at day 4), the scaffolds exhibited a

igh biodegradability, with corrosion rates of 1.27 ± 0.01 mm/y for 

e35Mn-20Ak and 1.36 ± 0.06 mm/y for Fe35Mn-30Ak. However 

y day 28, the in vitro biodegradation rates of the porous com- 

osites reduced to 0.24 ± 0.01 mm/y and 0.27 ± 0.04 mm/y, for 

e35Mn-20Ak and Fe35Mn-30Ak, respectively ( Fig. 5 b ). Until the 
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Fig. 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. 
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nd of the immersion tests (28 d), the global pH values of the r-SBF

edium remained between 7.64 and 7.68, due to the controlled 5% 

O 2 atmosphere in the incubator. 

SEM ( Fig. 5 c-e ) revealed that the struts of the composite scaf- 

olds were encapsulated by the degradation products that accumu- 

ated over the immersion time. The morphologies of the biodegra- 

ation products on the periphery could be discerned from a par- 

iculate structure to a denser phase over time. The biodegrada- 

ion products were composed of a mixture of Fe, Mn, C, and 

 elements ( Fig. 5 f-h, S4 ). In addition, the biodegradation prod- 

cts on the struts of Fe35Mn-30Ak specimens contained Ca and P 

t all time points ( Fig. 5 f-h ). In the degradation products of the

e35Mn-20Ak scaffolds, however, only Ca was detected ( Fig. S4 ). 

he phases present in the biodegradation products of the porous 

pecimens after 28 d of immersion were lepidocrocite ( γ -FeOOH) 

nd rhodochrosite (MnCO 3 , Fig. 4 b ), which corresponded to the 

ain chemical compositions identified by EDS. At the center of 

he composite scaffolds ( Fig. 5 i, S4 ), the biodegradation products 

ad formed over the pore networks of the struts and were largely 

omposed of oxides. After biodegradation, the initially spherical 

e-Mn particles were decorated by irregularly shaped nesosilicate 

articles ( Fig. 2 f ) and exhibited rough particle surface character- 

stics, indicating localized corrosion that occurred on the inter- 

aces of the powder particles (indicated by arrows in Fig. 5 i ). 

verall, the nesosilicate particles (mainly composed of Ca, Mg, Si, 
188 
nd O) could still be identified at the center of the composites 

 Fig. 5 i, S4 ). 

The concentrations of Fe 2 + , Mn 

2 + , Ca 2 + , PO 4 
3 −, Mg 2 + , and

i 4 + ions in the r-SBF medium were measured during the course 

f the immersion tests ( Fig. 6 ). Fe 2 + ions were steadily released 

rom both the Fe35Mn-20Ak and Fe35Mn-30Ak specimens over 

ime ( i.e. , from 0.23 ± 0.02 mg/L and 0.34 ± 0.02 mg/L at day 

 to 0.90 ± 0.02 mg/L and 0.93 ± 0.06 mg/L at day 28, re- 

pectively, Fig. 6 a ). The concentration of the Mn 

2 + ions released 

rom the Fe35Mn-30Ak specimens was the highest at day 7 ( i.e. , 

1.0 ± 0.3 mg/L), followed by a decreasing trend towards the end 

f the immersion tests at day 28 ( i.e. , 9.4 ± 0.4 mg/L). Mn 

2 + ions

ere continuously released from the Fe35Mn-20Ak specimens and 

he concentration increased from 6.2 ± 0.1 mg/L at day 4 up to 

1.4 ± 0.3 mg/L at day 28 ( Fig. 6 b ). The Ca 2 + ion concentrations

n the r-SBF medium decreased throughout the immersion period 

or all the composite specimens similarly ( i.e. , from 76 ± 1 mg/L 

nd 79 ± 4 mg/L at day 4 to 28 ± 1 mg/L at day 28, Fig. 6 c ).

n a similar trend, the PO 4 
3 − ion concentration decreased over 

ime, with a larger reduction observed for the Fe35Mn-30Ak spec- 

mens during the first 7 days of immersion ( Fig. 6 d ). Moreover, the

g 2 + ion concentration in the r-SBF medium marginally increased 

ver time, with the highest Mg 2 + ion concentrations registered at 

ay 4 ( i.e ., 46.7 ± 0.3 mg/L for Fe35Mn-20Ak and 48 ± 2 mg/L 

or Fe35Mn-30Ak, Fig. 6 e ). The concentration of Si 4 + ion increased 



N.E. Putra, M.A. Leeflang, M. Klimopoulou et al. Acta Biomaterialia 162 (2023) 182–198 

Fig. 5. The in vitro biodegradation characteristics of the porous composite scaffolds: (a) The visual inspection of the scaffolds before and after in vitro biodegradation at 

different time points (scale bar = 10 mm) 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 central location inside the specimens after 28 d 

of biodegradation. The arrow indicates the locations of the EDS point analyses. 
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rom 2.83 ± 0.3 mg/L and 3.8 ± 0.2 mg/L at day 4 to 3.9 ± 0.1 mg/L

nd 3.9 ± 0.3 mg/L at day 28 for the Fe35Mn-20Ak and Fe35Mn- 

0Ak specimens, respectively ( Fig. 6 f ). 

.4. Electrochemical measurements 

Both the porous FeMn-Ak composites demonstrated decreas- 

ng OCP values during the 28 d of biodegradation ( Fig. 7 a ). At

ay 1, the OCP values were -646 ± 9 mV for Fe35Mn-20Ak and 

643 ± 23 mV for Fe35Mn-30Ak. At day 28, the OCP values de- 

reased to -692 ± 7 mV and -673 ± 3 mV for the Fe35Mn-20Ak 

nd Fe35Mn-30Ak specimens, respectively. The polarization resis- 

ance ( R p ) values of the porous composites were 5 ± 2 k �.cm 

2 
189 
or Fe35Mn-20Ak and 8 ± 2 k �.cm 

2 for Fe35Mn-30Ak at day 

 of immersion, which then increased to 10 ± 2 k �.cm 

2 and 

1 ± 2 k �.cm 

2 at day 14 of immersion, respectively ( Fig. 7 b ).

t day 28, R p stabilized at the values of 9.3 ± 0.4 k �.cm 

2 

nd 10.5 ± 0.4 k �.cm 

2 , respectively, for the Fe35Mn-20Ak and 

e35Mn-30Ak specimens. The Bode impedance modulus values of 

he porous composites at a low frequency of 0.01 Hz stabilized or 

nly slightly increased over the immersion period ( Fig. 7 c-d ). At 

ay 4, the impedance modulus magnitudes were 3.7 ± 0.3 k �.cm 

2 

nd 3.8 ± 0.9 k �.cm 

2 for the Fe35Mn-20Ak and Fe35Mn-30Ak 

pecimens, respectively. At day 28, the impedance modulus mag- 

itudes had stabilize or marginally increased to 3.9 ± 0.1 k �.cm 

2 

or both types of composites. At the mid-frequency of 100 Hz, 
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Fig. 6. The concentrations of (a) Fe, (b) Mn, (c) Ca, (d) PO 4 , (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. 
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he Bode impedance modulus values of the Fe35Mn-20Ak spec- 

mens were relatively stable ( i.e. , 2.5 ± 0.1 k �.cm 

2 at day 4

nd 2.5 ± 0.2 k �.cm 

2 at day 28 of immersion, Fig. 7 c ). The

ode impedance modulus values of the Fe35Mn-30Ak specimens 

t the mid-frequency of 100 Hz slightly decreased over time from 

.82 ± 0.05 k �.cm 

2 at day 4 to 2.57 ± 0.03 k �.cm 

2 at day 28

f immersion ( Fig. 7 d ). Furthermore, the peak of the Bode plot

hase angle did not shift during the biodegradation tests of the 

e35Mn-20Ak and Fe35Mn-30Ak specimens, and remained in the 

igh frequency region ( e.g. , 1–10 kHz) ( Fig. 7 c-d ). The Bode plot

hase angles at high frequencies ( e.g. , 10 kHz) were relatively sta- 

le between -8 ° to -12 ° for the Fe35Mn-20Ak and Fe35Mn-30Ak 

pecimens over the entire period of the immersion tests. 

.5. Mechanical properties 

The composite scaffolds exhibited stress-strain curves with ini- 

ial linear elastic deformation, followed by plastic deformation, 

esembling the typical strain-hardening behavior of porous ma- 

erials ( Fig. 8 a-b ). The composite scaffolds ( i.e. , Fe35Mn-20Ak 

nd Fe35Mn-30Ak) had yield strengths of 8.3 ± 0.6 MPa and 
190 
.1 ± 0.4 MPa, respectively. The Young’s modulus values were 

.53 ± 0.03 GPa and 0.25 ± 0.04 GPa, respectively. Due to 

iodegradation, the yield strength of the Fe35Mn-20Ak specimens 

educed to 4.1 ± 0.7 MPa at day 7, and to 1.8 ± 0.6 MPa at 

ay 28 ( Fig. 8 c ). The Young’s modulus of the Fe35Mn-20Ak spec- 

mens also decreased to 0.17 ± 0.02 GPa, respectively, at day 7, 

nd to 0.09 ± 0.01 GPa at day 28 ( Fig. 8 d ). For the Fe35Mn-30Ak

pecimens, the yield strength and Young’s modulus decreased to 

.5 ± 0.7 MPa and 0.17 ± 0.06 GPa after 7 days. The Fe35Mn- 

0Ak scaffolds did not exhibit strain-hardening after 14 and 28 d 

f biodegradation ( Fig. 8 b ). The compressive strength values were 

.5 ± 0.3 MPa at day 14, which decreased to 3.9 ± 0.9 MPa at 

ay 28 ( Fig. 8 c ), while the Young’s modulus values were reduced

o 0.057 ± 0.005 GPa at day 14 and 0.034 ± 0.009 GPa at day 28 

 Fig. 8 d ). 

.6. Metabolic activity of cells cultured with the extracts of the 

omposites 

The Fe35Mn-20Ak extracts contained 61 ± 2 mg/L of Fe 2 + 

ons, 35.3 ± 0.6 mg/L of Mn 

2 + ions, 73.3 ± 0.6 mg/L of Ca 2 + 



N.E. Putra, M.A. Leeflang, M. Klimopoulou et al. Acta Biomaterialia 162 (2023) 182–198 

Fig. 7. The electrochemical response of the porous composite scaffolds during 28 d of biodegradation: (a) OCP and (b) R p values from the LPR tests. The impedance modulus 

and phase angle Bode plots at the selected time points for the (c) Fe35Mn-20Ak and (d) Fe35Mn-30Ak scaffolds. 

Fig. 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 of (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. 

191 
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Fig. 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 < 0.0 0 01, ∗∗∗ = p < 0.001, and ∗∗ = p < 0.01. 
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ons, 40.7 ± 0.6 mg/L of Mg 2 + ions, and 6 ± 1 mg/L of Si 4 + 

ons. In the Fe35Mn-30Ak extracts, the ionic concentrations were 

8.7 ± 1.2 mg/L of Fe 2 + , 30.3 ± 0.6 mg/L of Mn 

2 + , 104 ± 2 mg/L

f Ca 2 + , 36.3 ± 0.6 mg/L of Mg 2 + , and 7.3 ± 0.1 mg/L Si 4 + . The

reosteoblasts were metabolically active (grade 1, non-toxic [38] ) 

n the composite extracts of 25% and 50% ( Fig. 9 a-b ). In the 75%

xtracts of Fe35Mn-20Ak ( Fig. 9 a ), the preosteoblasts showed a 

ecline in their metabolic activity (grade 2, fairly reactive [38] ). 

owever, in the 75% extracts of Fe35Mn-30Ak, the cells were still 

etabolically active ( Fig. 9 b , grade 1, non-toxic [38] ). The cellu-

ar metabolic activities were suppressed (grade 4, severely reactive 

38] ) only when cultured with the 100% extracts. 

.7. Morphology and osteogenic differentiation of cells on the 

omposites 

Live/dead fluorescent images showed the viability of the pre- 

steoblasts cultured on the composite specimens after 7 and 21 d 

 Fig. 9 c-d ). The preosteoblasts adhered on the surfaces of the com- 

osites and exhibited a spread morphology with extended filopo- 

ia ( Fig. S5 ). A monolayer of cells formed after 7 d, covering the

truts of the specimens ( Fig. 9 e-f ). The cell layer thickened at

ay 21 ( Fig. 9 e-f ), showing that cells proliferated over time and
192 
roduced extracellular matrix on the composite specimens, which 

as comparable to those observed on Ti6Al4V specimens ( Fig. S6 ). 

oreover, the preosteoblasts cultured on the FeMn-Ak composite 

pecimens exhibited cues of osteogenic differentiation. The Runx2 

as expressed at day 14, showing that the osteogenic differentia- 

ion of the cells had occurred ( Fig. 9 g-h ), comparable to the levels

bserved for the Ti6Al4V specimens ( Fig. S6 ). The cells were sur- 

ounded by precipitates, which were more clearly visible on day 

1. The precipitates were integrated into the cell layers and con- 

ained Ca and P ( Table 2 ). This observation was further supported 

y the presence of OPN at day 21 ( Fig. 9 g-h ). A higher intensity of

PN could be observed on the Fe35Mn-30Ak specimens relative to 

he Fe35Mn-20Ak specimens. 

. Discussion 

The developed porous biomaterials made of Fe, Mn, and aker- 

anite show a significantly improved performance for biodegrad- 

ble bone implant applications. The FeMn-Ak composite scaffolds 

roduced by extrusion-based 3D printing demonstrated (i) en- 

anced biodegradability at the rates of 0.24–0.27 mm/y that are 

n the suggested range of suitable biodegradation rates for ideal 

one substitutes ( i.e. , 0.2–0.5 mm/y [19] ); (ii) a very low saturated 
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Table 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 ± 2 18 ± 7 6 ± 2 14 ± 3 - 10 ± 1 7 ± 1 25 ± 3 

2 16 ± 1 28 ± 5 9 ± 5 9 ± 4 1.8 ± 0.3 9 ± 3 7 ± 2 21 ± 2 

Fe35Mn-20Ak 

D21 

3 23 ± 6 35 ± 4 1.6 ± 0.3 5 ± 2 0.4 ± 0.2 5 ± 1 9 ± 2 21 ± 4 

4 12 ± 4 31 ± 3 1.5 ± 0.4 9 ± 3 0.7 ± 0.4 7 ± 2 8 ± 3 30 ± 1 

Fe35Mn-30Ak 

D7 

5 12 ± 5 27 ± 3 10 ± 4 12 ± 4 - 8 ± 3 6 ± 1 26 ± 5 

6 11 ± 3 26 ± 6 9 ± 4 13 ± 6 1.6 ± 0.2 9 ± 3 5 ± 2 26 ± 4 

Fe35Mn-30Ak 

D21 

7 7 ± 4 9 ± 4 9 ± 2 14 ± 4 1.4 ± 0.4 9 ± 3 6 ± 1 43 ± 9 

8 16 ± 8 30 ± 10 6 ± 1 7 ± 2 0.9 ± 0.3 5 ± 2 7 ± 2 26 ± 6 
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agnetization and magnetic susceptibility, confirming the MRI- 

ompatibility of the composite materials; (iii) sufficient mechanical 

roperties even after 28 d of biodegradation ( i.e. σ y = 1.8–8.3 MPa 

nd E = 0.03–0.53 GPa) which mimicked the mechanical properties 

f human trabecular bone ( σ y = 0.1–30 MPa and E = 0.01–3 GPa 

39] ); and ( iv ) a functional environment for the adhesion, prolif- 

ration, and osteogenic differentiation of preosteoblasts MC3T3-E1. 

he combined effect of such favorable properties puts the porous 

omposites developed here forward as one of the top-rank AM Fe- 

ased bone substitutes and encourages in vivo studies on such bio- 

aterials. 

.1. Extrusion-based 3D printing of the composite scaffolds 

Extrusion-based 3D printing is a viable fabrication technique 

o produce geometrically complex structures suitable for ortho- 

edic applications [40] . Here, we demonstrated the capability of 

D printing to fabricate prototype hip stem and acetabular cup 

 Fig. 2 d ) in addition to the cylindrical specimens. The success in

xtrusion-based 3D printing essentially relies on the choice of a 

inder that possesses suitable viscoelastic properties. We made 

hoice of a binder made of hypromellose for its shear thinning 

roperty ( Fig. S1 ) to enable the smooth extrusion of the FeMn-Ak- 

ontaining inks ( Fig. 2 ). Hypromellose polymers have been utilized 

or extrusion-based 3D printing of various metal/ceramic-based 

nks [ 41 , 42 ]. In addition to the binder, the chemical interactions

etween the powder particles and binder must be considered. For 

xample, the viscosity of the FeMn-Ak ink increased as the aker- 

anite content increased to 30 vol% ( Fig. S1 ). Akermanite powder 

s hydrophilic, meaning that powder particles can tightly adhere to 

he hypromellose binder. Consequently, a higher 3D printing pres- 

ure was required for the Fe35Mn-30Ak ink as compared to the 

e35Mn-20Ak ink. A sufficient powder-to-binder ratio is another 

mportant factor to ensure the stability of the extruded struts and 

nable the fabrication of the scaffolds with a high aspect ratio and 

inimal shrinkage. 

Robust green bodies of the FeMn-Ak scaffolds were success- 

ully constructed during the 3D printing of the metal-ceramic inks 

 Fig. 2 b-c ). After 3D printing, the green bodies were subjected 

o debinding at the temperature where the hypromellose binder 

ecomposed ( i.e. , at 350 °C) [17] . Subsequently, the brown bodies 

ere sintered to form the composites. The as-sintered FeMn-Ak 

omposite scaffolds preserved the original macro-pore design with 

 lay-down pattern of 0 °/90 ° angle ( Fig. 2 e ). In addition to the

acro-pores, the struts of the composites possessed open micro- 

ores ( Fig. 2 e-f ), which increased the total interconnectivity of the 

ore networks. The 0 °/90 ° lay-down pattern of porous scaffold ar- 

hitecture has been reported to lead to more bone formation in 

ranial rat bone defect than the scaffolds with the 0 °/60 °/120 ° an- 

le pattern [43] . This is because the 0 °/90 ° scaffold architecture 

rovides a high concave curvature at the intersections between 

he struts, which has been shown to attract the initiation of tis- 

ue growth in vivo in sheep tibia defect model [44] . 
193 
We supplemented Fe with a 35 wt% Mn to ensure the forma- 

ion of the γ -austenite Fe-Mn phase, thereby ensuring the anti- 

erromagnetic behavior of the in situ formed alloy [5] . The inclu- 

ion of 20–30 vol% akermanite was aimed to provide bioactive 

roperties. In addition, interfacial bonding between Fe, Mn, and 

kermanite is of equal importance for obtaining bone-substituting 

caffolds with sufficiently high mechanical performance. Sintering 

 i.e. , at 1200 °C) facilitated multiple diffusion processes, which was 

n effective way to engage every component in the multi-material 

caffolds, realizing the intended material biofunctionalities. 

The occurrence of diffusion was clearly observed in the cross- 

ectional analyses of the composite scaffolds ( Fig. 3 ). At a high 

emperature, Mn is known to be volatile. The compact configura- 

ion of the as-printed scaffold struts ( Fig. 2 b-c ) allowed volatile Mn 

o diffuse into Fe and the akermanite particles. Overall, the diffu- 

ion of Mn into Fe appeared to be homogenous ( Fig. 3 a ), resulting

n the formation of the γ -austenite Fe-Mn phase in the scaffolds 

 Fig. 4 a ). Near the interface of the Fe-Mn alloy to the akermanite

hase, the mass% value of Mn in the Fe matrix decreased to about 

1–32 wt%. This is expected because Mn diffuses into the neigh- 

oring bioceramic particles ( Fig. 3 b ). 

In addition to the diffusion of Mn into Fe and that of Mn 

nto the bioceramic, Fe dispersed into the bioceramic particles. 

he diffusion of Fe into silicate-based bioceramics has been re- 

orted at the interface of both materials, without the formation of 

ew phases [ 24 , 45 ]. In the present composite scaffolds, an intense

evel of diffusion of Fe into the bioceramic phase was observed 

 Fig. 3 b ). Fe diffused approximately 3.2 μm deeper into the aker- 

anite phase than what was previously observed in Fe-Ak com- 

osite scaffolds [25] . During the formation of the Fe-Mn solid so- 

ution, the α-Fe crystal structure ( i.e. , body-centered cubic) had 

ransformed into a γ -FeMn crystal structure ( i.e. , face-centered cu- 

ic) that provides more atomic packing, hence enabling more Fe 

iffusion into the bioceramic phase. 

In addition to the γ -austenite Fe-Mn phase in the scaffolds 

 Fig. 4 a ), the diffusion of Fe and Mn into akermanite displaced

he locations of Ca, Mg, and O in the lattice structure. Con- 

equently, a mixture of nesosilicate crystalline phases, including 

irschsteinite (Ca(Fe)SiO 4 ), glaucochroite (Ca(Mn)SiO 4 ), and mon- 

icellite (Ca(Mg)SiO 4 ), was formed ( Fig. 4 a ). The XRD peaks of the

esosilicate phases could not be easily distinguished, since these 

hases have the same crystal structure ( i.e. , orthorhombic). The 

resence of these nesosilicate phases could still be beneficial for 

one regeneration. The monticellite phase has been reported to 

timulate the adhesion and proliferation of osteoblasts [46] . More- 

ver, the penetration of Fe into akermanite tends to enhance the 

patite-forming ability of the material [47] . Finally, Mn-doped cal- 

ium silicate is reported to promote bone regeneration in vivo [48] . 

.2. Magnetic characteristics of the composite scaffolds 

To have MRI compatibility of the first kind, the magnetic 

usceptibility value of a bone-substituting material under the 
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ydrated condition must be < 10 −2 [49] . The magnetic suscepti- 

ility values of the porous composites were 3.6 and 4.5 ×10 −3 be- 

ore and after in vitro biodegradation, respectively, confirming that 

he developed biomaterials are paramagnetic and MRI-friendly. The 

-austenite Fe-Mn phase formed during sintering guaranteed the 

nti-ferromagnetic property of the composite scaffolds ( Fig. 4 ) [50] . 

he magnetic properties of the scaffolds were comparable to the 

alues found in the literature [ 6 , 12 , 17 , 50 ]. Our results showed that

he FeMn-Ak composites fall into the same category of magnetic 

ompatibility as Ti6Al4V and non-magnetic stainless steel [49] . 

hile such materials do not react strongly to the applied magnetic 

eld of MRI ( i.e. , at 2 T), some MRI image artefacts may be present.

uch image interference is almost inevitable for most paramagnetic 

mplantable medical devices during MRI imaging. This is due to the 

uge differences between the magnetic susceptibility of the para- 

agnetic medical devices ( i.e. , magnetic susceptibility values of 

0 −5 –10 −2 ) and the surrounding tissue that is mostly diamagnetic 

 e.g. , magnetic susceptibility value -9 × 10 −6 ) [ 49 , 51 ]. Nonetheless,

he volume of MRI image artefacts can be reduced by introducing 

 porous geometry design into the implant material [52] . 

.3. Biodegradation behavior of the composite scaffolds 

The FeMn-Ak composite scaffolds biodegraded at the rates of 

.24–0.27 mm/y that are within the suggested range of biodegra- 

ation rates suitable for ideal bone substitutes ( i.e. , 0.2–0.5 mm/y 

19] ). The biodegradation rates of the composite scaffolds are, in- 

eed, much higher than those of pure Fe [31] , Fe-Mn alloys [17] ,

nd Fe-Ak composites [25] previously fabricated by extrusion- 

ased 3D printing, and are comparable to those of porous Fe30Mn- 

ydroxyapatite fabricated by applying the space holder technique 

23] . The enhanced biodegradability of the materials is mainly due 

o the in situ alloying of Mn and Fe and the addition of akermanite 

owder particles. In addition, the composite scaffolds had a high 

ore interconnectivity that provided a large surface area for the 

nitiation of biodegradation. 

The γ -FeMn phase in the composite scaffolds lowers their stan- 

ard electrode potential, thus increasing their tendency to corrode 

12] . The nesosilicate phases formed in the composite scaffolds also 

nfluenced the biodegradation behavior. In general, silicate-based 

ioceramics are known for their favorable biodegradability [53] . 

onticellite has a similar solubility to diopside [54] , while the sol- 

bilities of the kirschsteinite and glaucochroite phases in the phys- 

ological condition are yet to be investigated. In the scaffold struts, 

he nesosilicates particles were randomly distributed and deco- 

ated the surfaces of Fe-Mn alloy particles ( Fig. 2 f ). The bonding

f the materials with multi-phases ( i.e. , γ -FeMn and nesosilicate 

hases) may promote local galvanic corrosion, which was, indeed, 

bserved on the cross section of the biodegraded specimens. The 

e-Mn alloy particles exhibited typical pitting corrosion character- 

stics on their surface (as indicated by arrows in Fig. 5 i ). 

During biodegradation, Fe, Mn, Ca, Si, and Mg ions were re- 

eased from the composite scaffolds ( Fig. 6 ). The ions reacted with 

he components in the r-SBF medium and formed precipitates 

 Fig. 5 ). The biodegradation precipitates on the composite scaf- 

olds were predominantly made of lepidocrocite ( γ -FeOOH) and 

hodochrosite (MnCO 3 , Fig. 4 b ). These degradation by-products are 

xpected, as Fe and Mn are the two main constituents in the mate- 

ial composition of the scaffolds. The γ -FeOOH and MnCO 3 degra- 

ation products are identified in other studies on Fe-Mn alloys as 

ell [55–57] . Despite the formation of Fe- and Mn-based precipi- 

ates ( Fig. 5 ), the increasing concentration of Fe 2 + ions over time 

nd the high concentration of Mn 

2 + ions in the medium collected 

ver the 28 days of immersion showed the continuous biodegrad- 

bility of the specimens ( Fig. 6 a-b ). The concentration of Mn 

2 + 

ons reached values up to 30 times higher than that of Fe 2 + ions 
194 
fter only 1 day of immersion. The values remained up to 13 times 

igher by day 28 ( Fig. 6 b ), similar to the trend observed in the

iodegradation of FeMn alloys [17] . The higher concentration of 

n 

2 + ions as compared to Fe 2 + ions implies that the precipitation 

f Fe-based biodegradation products was favored ( Fig. 4 b ). Such 

xcessive release of Mn 

2 + ions has also been reported in previ- 

us studies and is strongly correlated to the 5% CO 2 atmospheric 

ondition and the availability of bicarbonate ions (HCO 3 
−) in the 

iodegradation medium [ 55 , 56 ]. 

The Ca-based precipitates were detected on the periphery of 

he composite scaffolds with 2–5 wt% calcium concentrations at 

he measuring points ( Fig. 5 f-h ). Unlike Fe-Ak composite scaf- 

olds [25] , however, crystalline Ca-based products were not iden- 

ified. This may be because the concentration of the Ca 2 + ions re- 

eased from the nesosilicate phases in the FeMn-Ak scaffolds has 

een inadequate to form a stable CaCO 3 phase ( Fig. 6 c ). Moreover, 

he release of Mn 

2 + ions was substantial throughout the immer- 

ion period ( Fig. 6 b ). The precipitation of the MnCO 3 phase has,

herefore, been thermodynamically more favorable than the CaCO 3 

hase [58] . Despite the absence of crystalline Ca-based precipi- 

ates, the Ca 2 + and PO 4 
3 − ions in the r-SBF medium decreased 

ver time ( Fig. 6 c-d ), which suggested the potential formation of 

morphous calcium phosphate or calcium carbonate, as biodegra- 

ation occurred in the 5% CO 2 environment. The amorphous Ca- 

ased degradation products have been reported to be beneficial for 

he regeneration of bone tissue [59–61] . 

Mg- and Si-containing biodegradation products were not ob- 

erved on the periphery of the biodegradation products ( Fig. 5 f- 

 ). That is because the concentrations of the Mg 2 + and Si 4 + ions 

eleased from the FeMn-Ak specimens on day 28 ( Fig. 6 e-f ) were,

espectively, 2 and 6 times lower than those reported during the 

iodegradation of Fe-Ak composite scaffolds [25] . Our results im- 

ly that the nesosilicate bioceramic phases are more stable than 

ure akermanite, which is in line with the literature [ 47 , 48 ]. When

e 3 + had partially substituted the crystal lattice of akermanite, the 

elease of Ca 2 + , Mg 2 + , and Si 4 + ions during biodegradation was 

ower than the values reported for pure akermanite [47] . A de- 

reasing ion release profile was also reported, when Mn 

2 + diffused 

nto calcium silicate [48] . Nevertheless, the slower dissolution of 

he nesosilicate phases means that the bioceramic particles could 

tay longer in the γ -FeMn matrix ( Fig. 5 i ) and provide silica-rich

urfaces that act as nucleation sites for apatite formation [53] , en- 

ouraging osteoconductivity. 

The observed biodegradation behavior from the immersion tests 

s intimately linked to the electrochemical response of the com- 

osite scaffolds over time. The decreasing OCP values during the 

mmersion tests ( Fig. 7 a ) over a total period of 28 days indicate

hat the base material of the FeMn-Ak composites was increasingly 

usceptible to corrosion, despite the thickening of the biodegrada- 

ion products. It implies that biodegradation precipitates moder- 

tely limited the mass transport of the material during corrosion, 

hich could be recognized from the decreases in biodegradation 

ate ( Fig. 4 b ) and the marginal increases in R p value over time

 Fig. 7 b ). The impedance modulus values in the low frequency re- 

ion, which are indicative of the corrosion resistance of the mate- 

ial [ 62 , 63 ], exhibited a stabilizing-to-slight-increasing trend sim- 

lar to the ones seen for the R p values ( Fig. 7 c-d ). Furthermore,

he values of the Bode impedance modulus in the mid-frequency 

egion, which are indicative of the evolution of the corrosion prod- 

cts [ 62 , 63 ], were relatively stable over time. The peaks of the

hase angle in the Bode plots did not shift from a higher frequency 

o a lower frequency when exposed to r-SBF for 28 d ( Fig. 7 c-d ),

hich suggests that the partial growth and dissolution of the cor- 

osion products was near equivalent. Corresponding to the trend 

f OCP values, the peaks of the phase angle in the Bode plots at 

igh frequencies ( e.g. , 10 kHz) remained close to 0 °, indicating that 
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he material had a propensity to corrode [ 64 , 65 ]. Altogether, our

esults demonstrated that the rate and mechanism of biodegrada- 

ion of the composite scaffolds developed here, as well as the as- 

ociated biodegradation products, supported their intended use as 

emporary bone substitutes. 

.4. Mechanical properties of the composite scaffolds 

The structural integrity of biodegradable implants is of impor- 

ance and should be maintained until newly formed bone takes 

ver the role of mechanical support. As compared to geomet- 

ically similar scaffolds made from the Fe35Mn alloy [17] ( i.e., 

= 10.16 mm, h = 10.55 mm, a lay-down pattern design of 0 °/90 °
ngle, a strut size of 412 μm and a porosity of 69%), the Fe35Mn-

0Ak composite scaffolds developed here exhibited a higher yield 

trength and elastic modulus. However, the Fe35Mn-30Ak com- 

osite scaffolds exhibited lower mechanical properties than the 

e35Mn alloy scaffolds [17] . Increasing the content of the rein- 

orcing akermanite particles from 20 to 30 vol% decreased the 

ield strength and the elastic modulus of the resulting bioma- 

erial ( Fig. 8 ). This is likely due to the embrittlement effect of

he bioceramic phase on the metal matrix [66–68] . Nevertheless, 

oth the FeMn-Ak composite scaffolds developed in this study 

 i.e., σ y = 3.1–8.3 MPa and E = 0.03–0.5 GPa) exhibited trabecu- 

ar bone-mimicking mechanical properties ( σ y = 0.1–30 MPa and 

 = 0.01–3 GPa [39] ) even after 28 d of biodegradation. 

For any scaffolds containing multiple material components, 

trong bonding at the interface of the components is required to 

nsure smooth load transfer from the matrix to the reinforcing 

hases so as to prevent premature failure of the composite ma- 

erial as a whole. On the other hand, the interfacial bonding of 

he phases can act as the initiation sites for localized corrosion, 

hich may adversely influence the mechanical integrity of the 

omposite material during biodegradation. In the FeMn-Ak com- 

osites, the diffusion of Fe and Mn into the bioceramic phase was 

learly observed along with the formed Fe-,Mn-containing bioce- 

amic phases ( Figs. 3 , 4 a ). The diffusion resulted in strong bond-

ng of the multi-material phases, thus leading to the higher yield 

trength and elastic modulus of the Fe35Mn-20Ak scaffolds as 

ompared to those of the Fe-20Ak specimens [25] . 

During biodegradation, the mechanical properties of the FeMn- 

0Ak specimens decreased with time, as has been the case for Fe- 

k [25] and Fe-TCP [69] composites. The Fe35Mn-30Ak specimens 

urned brittle and did not exhibit the typical elastic-plastic defor- 

ation behavior after 14 and 28 d in vitro biodegradation. Given 

he deteriorating effects of 28 d of biodegradation and the negligi- 

le strengthening effects of the precipitated degradation products, 

he mechanical properties of the Fe35Mn-30Ak scaffolds were ex- 

ected to decrease. It should, however, be noted that these com- 

osite scaffolds did not fail prematurely, but at a quite large strain 

alue of > 10% under uniaxial compression. 

.5. Cytocompatibility and osteogenic potential of the composite 

caffolds 

In the development of osteoregenerative biodegradable mate- 

ials, osteogenic responses are of importance. The FeMn-Ak com- 

osite scaffolds developed here proved to be non-cytotoxic for 

C3T3-E1 cells ( Fig. 9 a-b ) and while biodegrading, they sup- 

orted the adhesion, proliferation and extracellular matrix forma- 

ion over the 21 d of cell culture ( Fig. 9 c-f ). In addition, the pre-

ipitated minerals, which could be a combination of biodegrada- 

ion products and apatite, integrated well into the cellular ma- 

rix ( Fig. 9 e-f , Table 2 ). The composite scaffolds also enabled the

steogenic differentiation of the cells, as evidenced by the ex- 

ression of Runx2 and at the later time points, the presence 
195
f OPN in the extracellular matrix of the cells was observed 

 Fig. 9 g-h ). 

Initially, we assessed the metabolic activity of the MC3T3-E1 

reosteoblasts cultured with the extracts of the composite speci- 

ens. The inhibition of the preosteoblasts growth (IC 50 ) has been 

eported at 53 mg/L Fe ions and 5 mg/L Mn ions [70] . We observed

hat the preosteoblasts metabolic activity declined in the extracts 

f the composite scaffolds with high concentrations ( Fig. 9 a-b ). In 

he 100% extracts, the concentration of Fe 2 + ions alone would be 

igh enough to inhibit the metabolic activity of the cells. While the 

oncentration of Fe 2 + ions reduced to a safe value in the 75% ex- 

racts, the concentration of Mn 

2 + ions in both extracts remained 

igh enough to adversely affect cell activity, as observed in the 

5% Fe35Mn-20Ak extracts ( Fig. 9 a ). Interestingly, the high con- 

entration of Mn 

2 + ions in the 75% Fe35Mn-30Ak extracts did not 

egatively influence the metabolic activity of the preosteoblasts 

 Fig. 9 b ). This could be due to the presence of a higher concen-

ration of bioactive ions released from the silicate-based ceramics 

n the Fe35Mn-30Ak specimens. When further diluted ( i.e. , 2 × and 

ore), the preosteoblasts were metabolically active, despite the 

act that the concentration of Mn ions ( i.e. , 15–18 mg/L) was still 

igher than the reported IC 50 value. Bone tissue is known to have 

 large amount of Mn reserve [71] , which may explain the non- 

ytotoxic results for the preosteoblasts in the 50% and 25% FeMn- 

k extracts. 

Then, we evaluated the growth of the preosteoblasts directly 

ultured on the specimens. We used a high ratio of the cell cul- 

ure medium to the surface area of the specimen in order to more 

losely mimic the conditions experienced by the specimens in the 

uman body. Our results demonstrated the adhesion and prolifer- 

tion of cells on both types of the composite scaffolds ( Fig. 9 c-f,

5 ), which were comparable to one of the currently most widely 

sed biomaterials for permanent bone implants ( i.e. , Ti6Al4V, Fig. 

6 ) and to bioactive Fe-Ak [25] . Importantly, the in vitro biological 

esponses of these cells to the composites were improved as com- 

ared to the cell responses to the Fe35Mn alloy specimens ( Fig. 

7 ), and to those observed in our previous studies on geometri- 

ally similar Fe [31] and Fe-Mn specimens [17] . These comparisons 

onfirm that the enhanced cytocompatibility of the developed bio- 

aterials is due to the addition of the silicate-based bioceramics 

o the γ -FeMn matrix. Moreover, the direct cell culture results did 

ot show any noticeable differences in the cell proliferation be- 

ween the two composite specimen groups, unlike the results from 

he indirect cell culture. This is most likely because the cells were 

ontinuously exposed to the FeMn-Ak extracts in the indirect cell 

ests, while the cells received a fresh cell culture medium in the 

irect cell tests. The metallic ions, therefore, did not accumulate to 

ause cytotoxicity. 

The improved cytocompatibility of the FeMn-based composites 

ue to the addition of silicate-based bioceramic is obviously due 

o the release of bioactive ions, most notably Ca 2 + , Mg 2 + and Si 4 + 

ons that have been reported to be involved in many mechanisms 

nd pathways of bone cell growth and differentiation. For the min- 

ralization process to occur, bone cells have to absorb Ca 2 + and 

O 4 
3 − ions, and synthesize extracellular matrix ( e.g. , type I colla- 

en or OPN [72] ). The absorbed Ca/P minerals are then transported 

o the extracellular space to precipitate, nucleate, and crystallize on 

he matrix into bony apatite. The availability of ample Ca ions is 

ne of the keys to ensuring successful apatite mineralization [73] . 

oreover, Si ions have been shown to be involved in the wingless- 

elated integration (Wnt) and sonic hedgehog homolog (SHH) sig- 

aling pathway [27] as well as Wnt/ β-catenin pathways [74] that 

re directly related to the osteogenic differentiation mechanism. 

esides that, Mg ions at concentrations ranging from 2 to 10 mm 

ave been reported to improve cell proliferation and osteogenic ac- 

ivity by increasing calcitonin gene-related polypeptide- α (CGRP) 
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o induce cAMP responsive element binding protein 1 (CREB1) 

nd Osterix (or Sp7) expression and to be involved in various 

ignaling pathways, such as in transient receptor potential cation 

hannel subfamily M member 7 (TRPM7) channels that regulate 

g ions to promote osteoinduction via the phosphoinositide-3- 

inase–protein kinase (PI3K) pathway, or in mitogen-activated pro- 

ein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and 

nt/ β-catenin pathways that are closely related to bone forma- 

ion [26] . In agreement with the literature, we have demonstrated 

he FeMn-Ak composite scaffolds allowed for the differentiation of 

reosteoblasts, as revealed by Runx2 expression, the extracellular 

atrix OPN ( Fig. 9 g-h ), and the detection of precipitates contain- 

ng Ca and P fully integrated into the extracellular matrix ( Fig. 9 e-

, Table 2 ). Overall, the in vitro biological performance of FeMn- 

k composite specimens was superior to the FeMn alloy scaffolds 

17] and comparable to that of the Fe-Ak composites [25] , despite 

hat akermanite in the FeMn-Ak specimens was transformed into 

esosilicate crystalline phases. Taken together, our findings demon- 

trate the potential of the developed 3D printed FeMn-Ak porous 

iomaterials to be used as biodegradable, MRI-friendly and os- 

eogenic Fe-based bone substitutes. 

. Conclusions 

We developed two types of bone-substituting 3D printed 

iodegradable FeMn-akermanite composite scaffolds. Our thorough 

haracterization of these biomaterials showed that they offer suit- 

ble rates of biodegradability, are MRI-friendly and osteogenic, and 

imic the trabecular bone in terms of mechanical properties. The 

orosity and pore interconnectivity of the composites were both 

igh to meet their functional requirements. The in vitro biodegra- 

ation rates of the composites fell into the range of the desired 

alues for ideal bone substitution. The γ -FeMn phase in the com- 

osite made the biomaterials weakly paramagnetic, allowing the 

omposites to be classified as first kind MRI-friendly biomateri- 

ls. The mechanical properties of the porous composite remained 

n the range of those of the trabecular bone, despite the decreas- 

ng trend due to in vitro biodegradation. The preosteoblast MC3T3- 

1 cell line showed a positive in vitro biological response to the 

omposite materials, as evidenced by the adhesion, proliferation, 

nd differentiation of the cells. Altogether, our results evidently 

how the remarkable potential of the FeMn-Ak composites in ful- 

lling the requirements of porous biodegradable bone substitutes, 

ncouraging further research towards their clinical translation. 
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de-la-Torre, K. Dvo ̌rák, L. Čelko, J. Kaiser, High strength, biodegradable and cy- 

tocompatible alpha tricalcium phosphate-iron composites for temporal reduc- 
tion of bone fractures, Acta Biomater. 70 (2018) 293–303, doi: 10.1016/j.actbio. 

2018.02.002 . 

68] P. Feng, C. Gao, C. Shuai, S. Peng, Toughening and strengthening mechanisms 
of porous akermanite scaffolds reinf orced with nano-titania, RSC Adv. 5 (2015) 

3498–3507, doi: 10.1039/c4ra12095g . 
69] A. Reindl, R. Borowsky, S.B. Hein, J. Geis-Gerstorfer, P. Imgrund, F. Petzoldt, 

Degradation behavior of novel Fe/ß-TCP composites produced by powder injec- 
tion molding for cortical bone replacement, J. Mater. Sci. 49 (2014) 8234–8243, 

doi: 10.1007/s10853- 014- 8532- 5 . 
198 
70] A. Yamamoto, R. Honma, M. Sumita, Cytotoxicity evaluation of 43 metal salts 
using murine fibroblasts and osteoblastic cells, J. Biomed. Mater. Res. 39 (1998) 

331–340 . 10.1002/(SICI)1097- 4636(199802)39:2 〈 331::AID- JBM22 〉 3.0.CO;2- E . 
[71] P. Chen, J. Bornhorst, M. Aschner, Manganese metabolism in humans, Front. 

Biosci. - Landmark. 23 (2018) 1655–1679, doi: 10.2741/4665 . 
72] Z.Y. Qiu, Y. Cui, X.M. Wang, Chapter 1 - Natural bone tissue and its biomimetic,

Mineralized collagen Bone Graft Substitutes, Elsevier Ltd, 2019, doi: 10.1016/ 
B978- 0- 08- 102717- 2.0 0 0 01-1 . 

73] J. Zhang, Y. Ji, S. Jiang, M. Shi, W. Cai, R.J. Miron, Y. Zhang, Calcium-collagen

coupling is vital for biomineralization schedule, Adv. Sci. 8 (2021) 1–15, doi: 10. 
1002/advs.202100363 . 

[74] J. Guan, J. Zhang, S. Guo, H. Zhu, Z. Zhu, H. Li, Y. Wang, C. Zhang, J. Chang,
Human urine-derived stem cells can be induced into osteogenic lineage by sil- 

icate bioceramics via activation of the Wnt/ β-catenin signaling pathway, Bio- 
materials 55 (2015) 1–11, doi: 10.1016/j.biomaterials.2015.03.029 . 

https://doi.org/10.1016/j.matdes.2016.07.092
https://doi.org/10.1016/j.actbio.2018.02.002
https://doi.org/10.1039/c4ra12095g
https://doi.org/10.1007/s10853-014-8532-5
https://doi.org/10.1002/(SICI)1097-4636(199802)39:2<331::AID-JBM22>3.0.CO;2-E
https://doi.org/10.2741/4665
https://doi.org/10.1016/B978-0-08-102717-2.00001-1
https://doi.org/10.1002/advs.202100363
https://doi.org/10.1016/j.biomaterials.2015.03.029

	\advance \chk@titlecnt \@ne Extrusion-based 3D printing of biodegradable, osteogenic, paramagnetic, and porous FeMn-akermanite bone substitutes\global \chk@titlecnt =\z@ 
	1 Introduction
	2 Materials and methods
	2.1 FeMn-akermanite ink preparation
	2.2 Extrusion-based 3D printing, debinding and sintering
	2.3 Characterization of microstructure, porosity, and phase composition
	2.4 Measurement of magnetic susceptibility
	2.5 In vitro biodegradation tests
	2.5.1 Static immersion and characterization of the biodegradation products
	2.5.2 Electrochemical tests

	2.6 Mechanical characterization
	2.7 Cytocompatibility evaluation
	2.7.1 Preculture of preosteoblasts and preparation of FeMn-Ak composites extracts
	2.7.2 Indirect cell culture and metabolic activity assay
	2.7.3 Direct culture of cells on the specimens with live-dead staining and SEM imaging
	2.7.4 Immunostaining of osteogenic markers

	2.8 Statistical analysis

	3 Results
	3.1 Characteristics of the porous FeMn-Ak composite scaffolds
	3.2 Magnetic properties
	3.3 Biodegradability and the characteristics of the biodegradation products
	3.4 Electrochemical measurements
	3.5 Mechanical properties
	3.6 Metabolic activity of cells cultured with the extracts of the composites
	3.7 Morphology and osteogenic differentiation of cells on the composites

	4 Discussion
	4.1 Extrusion-based 3D printing of the composite scaffolds
	4.2 Magnetic characteristics of the composite scaffolds
	4.3 Biodegradation behavior of the composite scaffolds
	4.4 Mechanical properties of the composite scaffolds
	4.5 Cytocompatibility and osteogenic potential of the composite scaffolds

	5 Conclusions
	Data availability statement
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


