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a b s t r a c t 

Advanced additive manufacturing techniques have been recently used to tackle the two fundamental chal- 

lenges of biodegradable Fe-based bone-substituting materials, namely low rate of biodegradation and in- 

sufficient bioactivity. While additively manufactured porous iron has been somewhat successful in ad- 

dressing the first challenge, the limited bioactivity of these biomaterials hinder their progress towards 

clinical application. Herein, we used extrusion-based 3D printing for additive manufacturing of iron- 

matrix composites containing silicate-based bioceramic particles (akermanite), thereby addressing both 

of the abovementioned challenges. We developed inks that carried iron and 5, 10, 15, or 20 vol% of aker- 

manite powder mixtures for the 3D printing process and optimized the debinding and sintering steps to 

produce geometrically-ordered iron-akermanite composites with an open porosity of 69–71%. The com- 

posite scaffolds preserved the designed geometry and the original α-Fe and akermanite phases. The in 

vitro biodegradation rates of the composites were improved as much as 2.6 times the biodegradation 

rate of geometrically identical pure iron. The yield strengths and elastic moduli of the scaffolds remained 

within the range of the mechanical properties of the cancellous bone, even after 28 days of biodegrada- 

tion. The composite scaffolds (10–20 vol% akermanite) demonstrated improved MC3T3-E1 cell adhesion 

and higher levels of cell proliferation. The cellular secretion of collagen type-1 and the alkaline phos- 

phatase activity on the composite scaffolds (10–20 vol% akermanite) were, respectively higher than and 

comparable to Ti6Al4V in osteogenic medium. Taken together, these results clearly show the potential of 

3D printed porous iron-akermanite composites for further development as promising bone substitutes. 

Statement of significance 

Porous iron matrix composites containing akermanite particles were produced by means of multi- 

material additive manufacturing to address the two fundamental challenges associated with biodegrad- 

able iron-based biomaterials, namely very low rate of biodegradation and insufficient bioactivity. Our 

porous iron-akermanite composites exhibited enhanced biodegradability and superior bioactivity com- 

pared to porous monolithic iron scaffolds. The murine bone cells proliferated on the composite scaffolds, 

and secreted the collagen type-1 matrix that stimulated bony-like mineralization. The results show the 

exceptional potential of the developed porous iron-based composite scaffolds for application as bone sub- 

stitutes. 

© 2022 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 

Biodegradable iron-based biomaterials have been developed for 

everal years to assist with the regeneration of critical size bone 
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efects [1–4] . To aid in the regeneration of bone tissue, the bioma- 

erials should (i) fit the anatomical site of the bone defect [5–7] , 

ii) have mechanical properties in the range of those of bone tis- 

ue to preclude the stress shielding effect [8–10] , (iii) possess a 

igh degree of interconnected porosity to facilitate angiogenesis, 

one ingrowth, as well as the transport of nutrients [11–13] , and 

iv) biodegrade in vivo while providing the required level of me- 

hanical support during the entire process of bone tissue regener- 

tion [14–16] . To date, the low rate of in vivo biodegradation and 

he inadequate level of osteogenic properties have been the main 

inderances preventing Fe-based bone substitutes from widespread 

linical application [17] . 

From the mechanical viewpoint, the higher strength of bulk 

e as compared to other biodegradable metals ( e.g. , Mg- or Zn- 

ased biomaterials [18–20] ) enables the design of bone-mimicking 

orous implants. The porosity of Fe scaffolds eliminates the stress- 

hielding effect, provides more surface area for biodegradation, and 

llows for bony ingrowth [21–23] . Numerous techniques have been 

sed to enhance the biodegradation rate of Fe in vitro . For exam- 

le, Fe has been alloyed with Ag [ 24 , 25 ], Mn [26–30] , Mn-Ag [31–

3] or Pd [ 34 , 35 ] to multiply microstructural phases with different

obility, hence triggering enhanced local corrosion through micro- 

alvanic interactions between the different phases. The recent ad- 

ances in additive manufacturing techniques have enabled the fab- 

ication of porous iron with exact geometrical designs to increase 

heir biodegradation rate while maintaining their mechanical in- 

egrity over time [ 22 , 36 , 37 ]. While these two strategies ( i.e. , alloy-

ng and making Fe structurally porous) address one of the above- 

entioned challenges regarding the use of iron as a bone substi- 

uting biomaterial, they are incapable of providing iron with favor- 

ble bioactive properties that are required to stimulate bone re- 

eneration. In fact, accelerated biodegradation of Fe can even neg- 

tively influence its biocompatibility because too much Fe 2 + re- 

ease can inhibit the in vitro metabolic activity of preosteoblasts 

 36 , 37 ]. Moreover, the addition of other alloying elements is un- 

ikely to make the materials more biocompatible [38] . 

Here, we propose additively manufactured porous iron com- 

osites incorporating bioactive-degradable bioceramic particles to 

ddress both challenges simultaneously. For such composites, the 

elatively fast degradation of the bioceramic phase in Fe-matrix 

omposites is expected at the beginning of the biodegradation 

eriod, increasing the initial biodegradation rate of the compos- 

te materials. Simultaneously, the dissolution of the bioceramic 

hase is expected to induce surface mineralization on the com- 

osite material, stimulating the adhesion, proliferation, and differ- 

ntiation of osteoprogenitor cells [39] . With time, the dissolved 

ioceramic phase exposes additional surfaces inside the iron ma- 

rix for further biodegradation. To date, the Fe-based biocompos- 

tes have been developed with the reinforcement of hydroxyapatite 

HA) [40–42] , tricalcium phosphate (TCP) [43–45] , calcium silicate 

CaSiO 3 ) [ 46 , 47 ], magnesium silicide (Mg 2 Si) [48–50] , or bredigite

Ca 7 Mg(SiO 4 ) 4 ) [ 51 , 52 ] using various fabrication methods. In gen-

ral, the performance of several Fe-based biocomposites has been 

ell acknowledged in improving both biodegradation and bioac- 

ivity of iron. Nevertheless, further research is still required to de- 

ermine the appropriate choice of the bioceramic material and the 

ptimum composition to provide the most effective biofunctional- 

ty for Fe-based biomaterials. Extrusion-based 3D printing has only 

een utilized for the fabrication of Fe-CaSiO 3 composite scaffolds 

47] . 

In this study, we used akermanite (Ca 2 Mg(Si 2 O 7 )) as the second 

tructural component in the porous iron matrix to form compos- 

tes that have not yet appeared in the literature. Recent develop- 

ents in bioceramics for bone tissue engineering have shown Mg- 

nd/or Si-based bioceramics to be promising alternatives to well- 

nown Ca- and P-based bioceramics ( e.g. , HA and TCP) [ 53 , 54 ]. For
356 
xample, Mg has been found to stimulate the proliferation and os- 

eogenic differentiation of osteoblasts [55] . In addition, Mg scaf- 

olds have been shown to restore bone tissue in vivo successfully 

56] . Likewise, Si can promote the synthesis of collagen type-1 and 

he calcification of the bony tissue [ 57 , 58 ]. Akermanite contains 

oth Mg- and Si and in vivo studies have demonstrated that it can 

ffer better osteogenic and angiogenic capabilities than TCP [59–

1] . In addition, akermanite has been shown to significantly reduce 

he inflammatory responses of macrophages in vivo [62] , allowing 

or better osseointegration. 

Extrusion-based 3D printing of scaffolds for bone regeneration 

as been recently utilized for its merits in multi-material fabrica- 

ion through alloying or compositing porous multi-functional Fe- 

ased materials [ 30 , 47 ]. In this study, we used extrusion-based 

D printing technique for fabricating porous Fe-matrix composites 

ith 5, 10, 15, and 20 vol% akermanite. We also comprehensively 

haracterized the porous composites in vitro biodegradation behav- 

or, the electrochemical response, the mechanical properties vary- 

ng along with in vitro biodegradation, and the in vitro biological 

esponse of preosteoblasts to these new biomaterials. 

. Materials and methods 

.1. Iron powder and synthesis of akermanite powder 

Iron powder (purity = 99.88 wt%; spherical morphology; par- 

icle size < 63 μm, Fig. 1 a) was supplied by Material Technol- 

gy Innovations Co. Ltd., China. Akermanite powder (Ca 2 MgSi 2 O 7 ; 

g wt% = 8.92; an irregular morphology; particle size < 45 μm, 

ig. 1 b) was synthesized by using the sol–gel process with the 

se of 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] as the raw materials [63] , followed by a cal-

ination step at 1300 °C for 3 h. 

.2. Iron-akermanite ink preparation and characterization 

The iron and akermanite powder mixtures (with 5, 10, 15, and 

0 vol% of akermanite, hereafter designated as Fe-5Ak, Fe-10Ak, 

e-15Ak, and Fe-20Ak, respectively) were prepared using a roller 

ixer (CAT Zipperer GmbH, Germany) at 80 rpm for 2 h. Then, the 

owder mixtures were blended with a water-based binder (made 

f a 5 wt% aqueous solution of hydroxypropyl methylcellulose with 

 w 

∼86 kDa, from Sigma Aldrich, Germany [37] ) to create iron- 

kermanite inks with a powder volume ratio of 47.45%. The rheo- 

ogical characteristics of the inks were observed using an MCR302 

heometer (Anton Paar GmbH, Germany) and the results are pre- 

ented in the supplementary material. In addition, to understand 

he dissolution characteristics of akermanite in the ink during 3D 

rinting, the akermanite powder was mixed with demineralized 

ater (with mass values equal to those in the Fe-5Ak and Fe-20Ak 

nks) for 2 h. Then, the supernatant was filtered through a 0.22 μm 

lter (Merck Millipore, Germany). The dissolved ions in the super- 

atant were quantified using an inductively coupled plasma optical 

mission spectroscope (ICP-OES, iCAP 6500 Duo, Thermo Scientific, 

SA). 

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

Porous iron-akermanite scaffolds (with φ = 10 mm and 

 = 10.5 mm) were built through the extrusion of iron-akermanite 

nks using a 3D BioScaffolder 3.2 printer (GeSiM Bio-instruments 

nd Microfluidics, Germany). A lay-down pattern design of 0 °/90 °
witching every other layer was used. The design had a strut size 

f 410 μm and a strut spacing of 400 μm. The extrusion-based 

D printing was performed at a printing speed of 5 mm/s under 
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Fig. 1. The morphologies of the starting powder materials: (a) iron and (b) akermanite. (c) The extrusion-based 3D printing and the design of porous iron-akermanite 

scaffolds with a 0 ° and 90 ° laydown pattern. (d) The morphology of the porous iron-akermanite composite scaffolds and the strut morphologies of the (e) Fe-5Ak, (f) 

Fe-10Ak, (g) Fe-15Ak, and (h) Fe-20Ak composites at a higher magnification. (i) EDS elemental mapping on the periphery of the porous iron-akermanite struts. 
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he printing pressures of 175 kPa, 205 kPa, 235 kPa, and 250 kPa, 

espectively, for the Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak inks. 

he green-body iron-akermanite scaffolds had a relative porosity 

f 50% and a surface area of 40.4 cm 

2 ( Fig. 1 c). After 3D print-

ng, the green-body scaffolds were placed inside a tube furnace 

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

purity = 99.9999%; inlet gas pressure = 1 bar). A two-step heating 

ycle was applied including debinding at 350 °C for 1 h and sinter- 

ng at 1200 °C for 6 h, followed by cooling. The as-sintered iron- 

kermanite composites were ultrasonically cleaned in isopropyl al- 

ohol for 15 min and were stored in an argon-filled chamber for 

urther investigations. 

.3. Characterization of porosity, microstructure and phase 

omposition 

The dimensional changes imparted during the sintering pro- 

ess were determined by measuring the diameter and height of 

he iron-akermanite composite scaffolds before and after sinter- 
357 
ng. The morphology of the composite scaffolds was observed us- 

ng a scanning electron microscope (SEM, JEOL JSM-IT100, Japan). 

oreover, the strut size and strut spacing were measured. The 

hemical composition of the struts was mapped using X-ray energy 

ispersive spectroscopy (EDS) (JEOL JSM-IT100, Japan). The phases 

resent in the iron-akermanite composites were identified using an 

-ray diffractometer (XRD, D8 Advance, Bruker, USA) in the Bragg- 

rentano geometry, equipped with a graphite monochromator and 

 Lynxeye position-sensitive detector. XRD analysis was performed 

sing Cu K α radiation, at 45 kV and 40 mA, using a step size of

.030 ° and a counting time of 2 s per step. The obtained XRD pat- 

erns were analyzed with the Diffrac Suite.EVA v5.2 software. On 

he cross-section of the composite scaffolds, the diffusion of iron 

nto akermanite across the interfaces was inspected through EDS 

ine analysis (JEOL JSM-IT100, Japan). 

The porosities of the composite scaffolds were determined. Dry 

eighing was used to measure the absolute porosity ( Eq. (1) ) while 

il impregnation was applied for the measurement of the inter- 

onnected porosity ( Eq. (2) ), based on the ASTM standard B963–13 
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64] : 

 a = 

�
1 − m/ ρF e −Ak 

V bulk 

�
× 100% (1) 

here ϕa is the absolute porosity [%], m is the mass [g] of the 

s-sintered composite scaffold, V bulk is the bulk volume [cm 

3 ], and 

Fe-Ak is the theoretical density of the iron-akermanite composite 

 i.e. , 7.62 g/cm 

3 for Fe-5Ak, 7.38 g/cm 

3 for Fe-10Ak, 7.15 g/cm 

3 for

e-15Ak, and 6.84 g/cm 

3 for Fe-20Ak). 

 i = 

�
ρethanol 

ρoil 

× m o − m a 

m o − m eo 

�
× 100% (2) 

here ϕi is the interconnected porosity [%], ρethanol is the den- 

ity of ethanol ( i.e. , 0.789 g/cm 

3 ), ρoil is the density of oil ( i.e. ,

.919 g/cm 

3 ), m o and m eo are, respectively, the masses of the oil- 

mpregnated composite scaffolds weighed in air and in ethanol [g], 

nd m a is the mass of the composite scaffold weighed in air [g]. 

.4. Biodegradation experiments 

.4.1. Immersion tests 

The iron-akermanite composite scaffolds were immersed in a 

evised simulated body fluid (r-SBF) [65] with 6.7 mL of r-SBF per 

 cm 

2 scaffold surface area [66] for 1, 4, 7, 14, and 28 d. The im-

ersion tests were performed under static condition at 37 ± 0.5 °C 

ith an initial pH of 7.40, a relative humidity (RH) of 95%, and an

tmosphere containing 5% CO 2 . Monolithic iron scaffolds [37] were 

lso tested as the control group for the measurement of biodegra- 

ation rate. Prior to the immersion tests, the specimens ( n = 3, 

or each time point) were sterilized and the r-SBF medium was fil- 

ered using a 0.22 μm pore size filter (Merck Millipore, Germany). 

he pH values of the r-SBF medium were monitored using a pH 

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

uring the in vitro immersion tests at selected time points. 

.4.2. Characterization of the biodegradation products 

The concentrations of soluble Fe 2 + , Ca 2 + , Mg 2 + , Si + , and PO 4 
3 −

ons in the r-SBF were measured at various time points using ICP- 

ES (iCAP 6500 Duo, Thermo Scientific, USA). Following immersion 

ntil the preselected time points, the specimens were retrieved 

nd the morphologies and chemical compositions of the biodegra- 

ation products on the periphery and at the center of the scaf- 

olds were examined using SEM and EDS (JEOL JSM-IT100, Japan). 

he phases present in the biodegradation products after immer- 

ion for 4 d and 28 d were identified using XRD (D8 Advance, 

ruker, USA). The biodegradation rates of the iron-akermanite 

omposite scaffolds at different time points were determined us- 

ng mass loss measurements. Prior to the mass measurement, the 

s-biodegraded scaffolds were immersed in a solution containing 

ydrochloric acid and hexamethylene tetramine to remove the pre- 

ipitated biodegradation products. The procedure was based on the 

STM standard G1–03 [67] and is described in detail in our previ- 

us publication [37] . After that, the remaining composite material 

as weighed and the average biodegradation rate was calculated, 

ollowing the ASTM standard G31–72 [68] : 

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

4 × m 

A × t × ρ
(3) 

here ρ is the theoretical density of the iron-akermanite compos- 

te (g/cm 

3 ), t is the immersion period [h], A is the surface area of

he porous iron-akermanite composite specimen [cm 

2 ] calculated 

ased on the initial scaffold design value, and m is the mass loss 

alue [g]. 

.4.3. Electrochemical measurements 

The electrochemical response of the iron-akermanite com- 

osite scaffolds during biodegradation in the r-SBF medium at 
358 
7 ± 0.5 °C and with an initial pH of 7.40 was recorded us- 

ng a Bio-Logic SP-200 potentiostat (Bio-Logic Science Instruments, 

rance), following the parameters described elsewhere [ 30 , 37 ]. A 

hree-electrode setup included an Ag/AgCl electrode (reference 

lectrode), a graphite bar (counter electrode), and the composite 

pecimen partially embedded in an acrylic resin (working elec- 

rode). The exposed surface area of the composite specimen was 

alculated based on the initial design value of the scaffold. Prior to 

inear polarization resistance (LPR) and electrochemical impedance 

pectroscopy (EIS) measurements, the electrode system was stabi- 

ized to a steady open circuit potential (OCP) for 1 h. Subsequently, 

he LPR and EIS measurements were performed for up to 28 d of 

mmersion. The LPR values were measured at a scanning rate of 

.167 mV/s from −25 to + 25 mV vs. OCP. The EIS measurements 

ere conducted at frequencies ranging from 100 kHz to 10 mHz 

sing a 10 mV sine amplitude vs. OCP. 

.5. Mechanical tests 

Compression tests were performed using a universal mate- 

ial testing machine (Zwick Z100, Germany, with a 100 kN load 

ell) to evaluate the mechanical properties of the as-sintered 

nd as-biodegraded iron-akermanite composite scaffolds ( n = 3). 

he compression tests were carried out at a crosshead speed of 

 mm/min, following the ISO standard 13,314:2011 [69] . From the 

tress-strain curve, the quasi elastic gradient (referred as Young’s 

odulus) and the compressive 0.2% offset stress (referred as yield 

trength) were determined. The Young’s modulus value was ob- 

ained from the slope of the initial linear region of the stress-strain 

urve. The yield strength value was obtained from the stress value 

t the intersection of the stress-strain curve with a 0.2% offset line, 

arallel to the initial linear region of the curve. 

.6. Cytocompatibility evaluation 

.6.1. Preculture of preosteoblasts and cell culture medium 

Murine MC3T3-E1 preosteoblasts (Sigma Aldrich, Germany) 

ere precultured for 7 d in a cell culture incubator (tempera- 

ure = 37 ± 0.5 °C, RH = 95%, and 5% CO 2 ). The cell culture

edium contained the α-minimum essential medium ( α-MEM, 

hermo Fisher Scientific, USA) without ascorbic acid and was sup- 

lemented with 10% fetal bovine serum (FBS, Thermo Fisher Scien- 

ific, USA) and 1% penicillin/streptomycin (p/s, Thermo Fisher Sci- 

ntific, USA). The same cell culture medium was used for all other 

ell culture assays, unless otherwise stated. 

.6.2. Preparation of iron-akermanite extracts and prestoblue assay 

Extracts were obtained after 72 h of incubation of the sterile 

omposite scaffolds ( φ = 9.7 mm and h = 10.3 mm; n = 3) in the

ell culture medium with 1 mL medium for every 5 cm 

2 of the 

pecimen’s surface area. The exposed surface area of the compos- 

te specimen was calculated based on the initial design value of the 

pecimens. The extracts were filtered using a 0.22 μm pore size fil- 

er (Merck Millipore, Germany) and were diluted to 75%, 50%, and 

5% of their original concentrations. 

The preosteoblasts (1 × 10 4 cells) were cultured in a 48-well 

late containing 200 μL iron-akermanite extracts for 1, 3, and 7 d 

 n = 3 for every extract concentration). The same preosteoblasts 

ere cultured in the cell culture medium as the negative control. 

restoBlue assay (Thermo Fisher Scientific, USA) was utilized to 

valuate the metabolic activity of the cells, following the procedure 

escribed in our previous publication [37] . At the selected cell cul- 

ure time points, the PrestoBlue reagent was added to the wells 

nd the metabolic activities of the cells were measured as the ab- 

orbance values at a wavelength of 530–590 nm using a microplate 
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Table 1 

Structural characteristics of the extrusion-based 3D printed porous iron-akermanite 

scaffolds. 

Sample group Strut width (μm) Strut spacing (μm) 

Fe-5Ak 407 ± 8 402 ± 7 

Fe-10Ak 408 ± 7 403 ± 9 

Fe-15Ak 407 ± 7 403 ± 8 

Fe-20Ak 408 ± 6 401 ± 6 
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eader (Victor X3, PerkinElmer, The Netherlands). 

etabolic activity [ % ] = 

Absorbance ( specimen ) 

Absorbance ( negative control ) 
× 100 

(4) 

.6.3. Trypan blue assay and live-dead staining 

The preosteoblasts (5 × 10 4 cells per specimen) were 

eeded and cultured on the iron-akermanite composite specimens 

 φ = 9.7 mm and h = 1.3 mm) in 6-well plates with 8 mL of

ell culture medium for 1, 4, 7, 14, and 28 d ( n = 3 for every

ime point). Porous Ti6Al4V scaffolds were used as the reference 

aterial (positive control). The Trypan blue assay (Bio-Rad, USA), 

ollowed by cell counting steps using an automated cell counter 

TC20, Bio-Rad, USA), was used to calculate the number of the 

reosteoblasts present at the selected cell culture time points. In 

ddition, the distribution and the viability of preosteoblasts was 

valuated using calcein (green = live) and ethidium homodimer-1 

red = dead) staining (Thermo Fisher Scientific, USA) after 7, 14, 

nd 28 d of cell culture. 

.6.4. Morphology of preosteoblasts on the composite scaffolds 

The morphology of the preosteoblasts after 7, 14, and 28 d of 

ell culture on the composite scaffolds ( i.e. , Fe-10Ak, Fe-15Ak, and 

e-20Ak) was observed using SEM (JEOL JSM-IT100, Japan). Addi- 

ionally, the strut morphology and associated biodegradation prod- 

cts formed on the composite scaffolds (immersed in the cell cul- 

ure medium for 14 and 28 d without cells) were examined using 

EM and EDS. 

.6.5. Collagen type-1 staining 

After cell culture for 7, 14, and 28 d, the composite scaffolds 

 i.e. , Fe-10Ak, Fe-15Ak, and Fe-20Ak) were washed with phosphate 

uffer saline (PBS) and were fixed with 4% formaldehyde (Sigma 

ldrich, Germany) for 15 min. Then, the specimens were washed 

ith PBS and permeabilized using 0.5% Triton/PBS (Sigma Aldrich, 

ermany). Consecutively, the scaffolds were incubated with anti- 

ollagen type-1 primary antibody (1:100 per specimen, Thermo 

isher Scientific, USA) in 1% bovine serum albumin (BSA)/PBS, 

ollowed by washing with 0.5% Tween/PBS (Sigma Aldrich, Ger- 

any). The second incubation step was performed using Alexa 

luor 488 conjugated secondary antibody (1:200, Thermo Fischer 

cientific, USA) in 1% BSA/PBS, followed by washing with 0.5% 

ween/PBS (Sigma Aldrich, Germany). Subsequently, the specimens 

ere washed with PBS. Thereafter, the specimens were imaged us- 

ng a fluorescence microscope (ZOE cell imager, Bio-Rad, USA). 

.6.6. Alkaline phosphatase (ALP) assay 

The ALP activities of the preosteoblasts were determined after 

4 and 28 d of culture on the composite scaffolds ( i.e. , Fe-10Ak, 

e-15Ak, and Fe-20Ak) using a fluorometric ALP assay kit (ab83371, 

bcam, Thermo Fisher Scientific, USA). Porous monolithic iron and 

i-6Al-4 V specimens were included as the negative and posi- 

ive control groups, respectively. The positive control groups were 

ultured in the cell culture medium with additional osteogenic 

eagents ( i.e. , ascorbic acid 1:10 0 0 and β-glycerophosphate 1:500). 

he ALP measurements were conducted, following the steps de- 

cribed in the manufacturer’s protocol. The ALP activities were re- 

orted in terms of fold-change against the negative control. 

.7. Statistical analysis 

The statistical analysis of the cell counting results was per- 

ormed with two-way ANOVA, followed by a Tukey multiple com- 

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

.01, and 

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

.1. Characteristics of the porous iron-akermanite composite scaffolds 

The porous iron-akermanite scaffolds fabricated through 

xtrusion-based 3D printing ( Figure S1 ) closely followed the 

eometrical 0 ° and 90 ° lay-down pattern design even after the 

ebinding and sintering cycle steps ( Fig. 1 d, Table 1 ). Successful 

xtrusion-based 3D printing of iron-akermanite-containing inks 

trongly relies on adequate powder loading in the ink and its 

hear-thinning behavior ( Figure S2 ). Due to sintering, the diameter 

nd height of the composite scaffolds reduced by 2.7–3.4% and 

.9–2.1%, respectively. The struts of the composite scaffolds, nev- 

rtheless, continued to feature a random micro-porous structure 

 Fig. 1 d). The volume fraction of akermanite clearly increased, 

iven the more irregularly shaped powder particles dispersed 

cross the struts ( Fig. 1 e-h). In addition to the sintered iron and

kermanite powder particles, smaller akermanite particles adher- 

ng to the surfaces of iron particles were observed ( Fig. 1 i). EDS

apping analysis detected Ca, Mg, and Si covering the surface of 

ron powder particles ( Fig. 1 i). 

The iron-akermanite composite scaffolds had interconnected 

orosities of 70 ± 1%, 69 ± 3%, 69 ± 1%, and 71 ± 1% for the 

e-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak groups, respectively. The 

ncreasing akermanite volume in the iron matrix did not signifi- 

antly influence the porosity of the specimens ( Fig. 2 a). The XRD 

atterns displayed the α-Fe phase and Ca 2 Mg(Si 2 O 7 ) phase in 

he porous iron-akermanite scaffolds with no additional crystalline 

ompounds ( Fig. 2 c). The intensity of the akermanite phase was 

elatively higher in the scaffold with a higher akermanite volume 

raction. On the cross-section of the struts, the iron and akermanite 

owder particles were observed to have undergone thorough co- 

intering ( Fig. 2 b). It was clear that the base material (gray color) 

elonged to iron and the dispersed particles (dark gray color) were 

kermanite. At a higher magnification, the interface between iron 

nd akermanite revealed on the cross-section of the Fe-20Ak spec- 

mens ( Fig. 2 d) did not show any additional compounds formed 

nd was free from any noticeable defects. Elemental diffusion from 

he iron phase to the akermanite phase occurred up to a depth of 

pproximately 1.7 μm ( Fig. 2 d). 

.2. In vitro biodegradation behavior 

After 1 d of in vitro immersion, the iron-akermanite compos- 

te scaffolds were covered by a layer of dark brown biodegrada- 

ion products. The biodegradation products grew thicker into a 

ellow-brownish color during further immersion for up to 28 d 

 Fig. 3 a). The global pH value of the r-SBF medium maintained 

etween 7.62 and 7.65 throughout the biodegradation period. The 

ass of the composite scaffolds decreased due to biodegradation. 

he mass loss percentage increased during the first 4 d of im- 

ersion followed by a reduction to 7 d of immersion and the in- 

reases corresponding to 14 d and 28 d of immersion ( Fig. 3 b).

 larger mass loss was observed in the composite scaffold with 

 higher akermanite volume fraction. At day 14 of biodegrada- 

ion, the degradation rates of the porous iron-akermanite scaf- 
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Fig. 2. (a) The porosities of the iron-akermanite composite scaffolds, (b) the cross-section of the struts, (c) the phase composition of akermanite powder and the composite 

scaffolds and (d) the EDS line analysis across the interfaces of iron and akermanite. 
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olds were 0.14 ± 0.01 mm/y, 0.16 ± 0.02 mm/y, 0.20 ± 0.01, and 

.24 ± 0.02 mm/y for Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak, re- 

pectively. At the end of the immersion tests ( i.e. , day 28), the in

itro biodegradation rates of the porous iron-akermanite scaffolds 

ere 0.08 ± 0.01 mm/y, 0.09 ± 0.01 mm/y, 0.11 ± 0.02 mm/y, 

nd 0.13 ± 0.01 mm/y for Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak, 

espectively ( Fig. 3 c). For comparison, the porous monolithic iron 

howed the degradation rates of 0.09 ± 0.02 mm/y at day 14 and 

.05 ± 0.02 mm/y at day 28 [37] . 

During biodegradation, Fe 2 + , Ca 2 + , Mg 2 + , and Si + were steadily 

eleased to the r-SBF medium ( Fig. 4 ). The Fe 2 + concentrations 

eached their peaks at day 14 ( i.e. , 0.17 to 0.30 mg/L) and the

on release decreased towards the end of the immersion period 

 Fig. 4 a). In the case of the Fe-15Ak and Fe-20Ak specimens, the 

a 2+ concentrations detected in the solution were higher at all time 

oints as compared to the initial Ca 2+ concentration in the r-SBF 

edium ( i.e., 121.1 to 132.4 mg/L at day 28, Fig. 4 b). On the other

and, the Ca 2 + concentrations in the solution corresponding to the 

e-5Ak and Fe-10Ak specimens remained largely unchanged in the 

rst 7 d of immersion, but slightly reduced towards the end of im- 

ersion ( i.e. , 85.8 to 96.6 mg/L at day 28, Fig. 4 b). At the same

eriod of immersion, the Mg 2 + and Si + concentrations steadily in- 

reased ( i.e. , 52.0 to 77.4 mg/L and 21.7 to 26.9 mg/L, respectively,

ig. 4 c-d). As for the PO 4 
3 − ions in the r-SBF medium, the con-

entrations continually declined throughout the 28 d of immersion 

 Fig. 4 e). 
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.3. Characteristics of the biodegradation products on scaffold 

urfaces 

The main phase in the peripheral degradation products of the 

orous iron-akermanite composites after 4 d and 28 d of immer- 

ion was lepidocrocite ( γ -FeOOH) ( Fig. 3 d-e). The calcite (CaCO 3 ) 

hase was detected on the Fe-15Ak and Fe-20Ak scaffolds after 4 

 of immersion ( Fig. 3 d) and its intensity increased towards 28 d 

f immersion ( Fig. 3 e). By contrast, the CaCO 3 phase was observed 

n the Fe-5Ak and Fe-10Ak scaffolds only after 28 d of immersion 

 Fig. 3 e). From the SEM micrographs, the struts of the compos- 

te scaffolds were fully enveloped by the degradation products as 

arly as day 4 of the immersion tests ( Fig. 5 a-c). The biodegrada-

ion products transformed into a denser structure throughout the 

mmersion period ( Fig. 5 , S4–6 ). 

The morphology of the peripheral biodegradation products was 

iscernible in two major forms ( Fig. 5 ): a fine, particulate porous 

tructure and coral-like precipitates decorating the surfaces. The 

oral-like degradation products were rich in Ca, while the porous 

articulate surfaces contained more Fe ( Table 2 ). These elements 

orresponded to the phase compositions identified by XRD. On the 

e-20Ak composite scaffolds, the coral-like precipitates expanded 

ver the biodegradation time, covering the particulate corrosion 

roducts ( Fig. 5 ). Similar observations were noted for the Fe-15Ak 

 Figure S4, Table S1 ), Fe-10Ak ( Figure S5, Table S2 ) and Fe-5Ak

 Figure S6, Table S3 ) composites. 
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Fig. 3. The in vitro biodegradation characteristics of the porous iron-akermanite composites: (a) the visual inspection of the porous iron-akermanite composite scaffolds 

before and after biodegradation at various time points, (b) mass loss vs. immersion time, and (c) corrosion rates on days 14 and 28 of immersion, and the phase compositions 

of the biodegradation products on days (d) 4 and (e) 28 of immersion. 

Table 2 

Chemical compositions of the in vitro biodegradation products (wt%) on the periphery of the porous Fe-20Ak scaffolds, determined by EDS analysis. 

Fe-20Ak EDS point C O Na Mg Si Cl P Ca Fe 

4 d 1 36.35 19.94 – 0.46 0.36 – – 0.94 41.95 

2 25.53 16.13 – – 1.20 0.13 – 1.07 55.94 

3 24.25 9.41 – – – – – – 68.70 

4 32.30 30.03 – – 0.57 – – 1.57 35.53 

7 d 5 26.59 13.02 – – – – – 16.51 43.88 

6 25.11 19.03 – 0.59 0.16 – 4.02 7.52 43.56 

7 29.18 20.95 4.48 – 0.05 – – 10.80 34.53 

8 18.41 33.73 – – 0.19 – – 25.32 22.35 

14 D 9 30.68 23.24 0.07 1.15 – – – 19.77 25.09 

10 10.94 8.31 – – – – – 2.17 78.58 

11 4.46 1.58 – 0.66 – – – 18.27 75.02 

12 29.56 10.55 – 2.05 – – – 28.31 29.54 

28 d 13 19.57 11.69 0.71 0.75 – – – 3.61 63.67 

14 31.88 7.78 0.31 0.54 – – – 26.51 32.98 

15 5.28 4.25 – 0.26 – – – 12.98 77.24 

16 20.20 14.30 – 1.18 – – – 46.69 17.82 

361 
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Fig. 4. The variations of the concentrations of the (a) Fe, (b) Ca, (c) Mg, (d) Si, and (e) PO 4 ions in the biodegradation medium over time. The dash line indicates the initial 

ion concentration values in the r-SBF medium. 
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In addition to the Fe- and Ca-based products, magnesium was 

etected at lower concentrations in the peripheral degradation 

roducts ( Table 2 , S1–3 ). Silicon was only present on the Fe-20Ak

omposite scaffolds at the early immersion time points ( i.e. , 4 

 and 7 d) ( Table 2 ). Furthermore, the degradation products at 

he center of the scaffolds appeared to be compact. Moreover, Fe, 

 and O, Ca, Mg and Si remnants were found in the Fe-20Ak 

 Fig. 5 m) and Fe-15Ak ( Figure S4m ) composite scaffolds. However, 

nly Fe, C, O and Ca elements were observed in the cross-sectional 

iodegradation products of the Fe-10Ak ( Figure S5m ) and Fe-5Ak 

 Figure S6m ) composites. 

.4. Electrochemical measurements 

The iron-akermanite composite specimens ( i.e. , Fe-5Ak, Fe- 

0Ak, Fe-15Ak and Fe-20Ak) showed relatively stable OCP val- 

es during the biodegradation experiments ( Fig. 6 a). At the be- 

inning of the biodegradation experiments ( i.e. , after 4 d), the 

CP values were -645 ± 36 mV, -661 ± 21 mV, -693 ± 21 mV, 

nd -669 ± 82 mV, respectively. At the 28th day of biodegrada- 

ion, the average OCP values had only marginally increased to - 

45 ± 29 mV, -645 ± 19 mV, -670 ± 34 mV, and -602 ± 39 mV, 

espectively. The average polarization resistance ( R p ) values of the 

orous iron-akermanite composites ( i.e. , Fe-5Ak, Fe-10Ak, Fe-15Ak 

nd Fe-20Ak) obtained from the LPR tests exhibited a generally de- 

reasing trend as the biodegradation progressed ( Fig. 6 b). At day 4, 

he average R p values were 9.0 ± 1.1 k �.cm 

2 , 8.3 ± 0.8 k �.cm 

2 ,

.9 ± 1.1 k �.cm 

2 , and 6.3 ± 1.6 k �.cm 

2 , respectively. After 28 d of

iodegradation, the R p values had decreased to 4.1 ± 0.8 k �.cm 

2 , 

.1 ± 1.1 k �.cm 

2 , 5.4 ± 1.4 k �.cm 

2 , and 3.9 ± 0.7 k �.cm 

2 , respec-

ively. 

The impedance modulus values of the porous iron-akermanite 

omposites at low frequencies, indicative of the charge transfer and 

ence resistance of the corroding system, followed a decreasing 

rend with time similar to the R p results (Bode plots - Fig. 6 c-

). At a low frequency ( i.e. , 0.01 Hz) and after 4 d of immersion,

he impedance modulus values were 7.9 ± 1.8 k �.cm 

2 , 9.3 ± 0.9 

 �.cm 

2 , 7.6 ± 1.8 k �.cm 

2 , and 10.7 ± 2.3 k �.cm 

2 , respectively,

or Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak. After 28 d of immer- 
362 
ion, however, the impedance magnitude reduced to 3.7 ± 0.6 

 �.cm 

2 , 4.8 ± 1.3 k �.cm 

2 , 5.1 ± 0.6 k �.cm 

2 , and 3.3 ± 0.6

 �.cm 

2 , respectively. The impedance magnitudes at a higher fre- 

uency ( e.g. , 100 Hz) relate to the evolution ( e.g. , partial disso-

ution or growth) of the corrosion product formation over time 

70–72] . After 4 d of immersion, the impedance modulus values 

t 100 Hz were 0.4 ± 0.1 k �.cm 

2 , 0.5 ± 0.2 k �.cm 

2 , 0.3 ± 0.1

 �.cm 

2 , and 0.43 ± 0.03 k �.cm 

2 , respectively for Fe-5Ak, Fe-10Ak, 

e-15Ak, and Fe-20Ak. At the same frequency, the impedance mod- 

lus values after 28 d of immersion became 0.3 ± 0.1 k �.cm 

2 , 

.6 ± 0.3 k �.cm 

2 , 0.6 ± 0.1 k �.cm 

2 , and 0.35 ± 0.01 k �.cm 

2 , re-

pectively. The peak start of the Bode plot phase angle at low-to- 

id frequencies shows a trend to shift from a higher frequency to 

 lower frequency as a function of time of exposure ( Fig. 6 c-f). At

 mid-frequency range ( i.e. , 100 Hz), the phase angle values after 4 

nd 28 d of immersion for all composite scaffolds were relatively 

nchanged. 

.5. Mechanical properties 

All the iron-akermanite composite scaffolds exhibited smooth 

tress-strain curves under uniaxial compression, starting with a 

inear elastic region and followed by a plastic deformation re- 

ion that exhibited the hallmarks of strain hardening ( Fig. 7 a). 

he composite scaffolds ( i.e. , Fe-5Ak, Fe-10Ak, Fe-15Ak and Fe- 

0Ak) had Young’s moduli of 0.24 ± 0.03 GPa, 0.30 ± 0.01 GPa, 

.23 ± 0.05 GPa, and 0.17 ± 0.05 GPa, respectively. The yield 

trengths were 4.3 ± 0.3 MPa, 3.0 ± 0.1 MPa, 3.4 ± 0.5 MPa, 

nd 2.9 ± 0.9 MPa, respectively. After 7 d of biodegradation, 

he Young’s moduli of the scaffolds reduced to 0.20 ± 0.04 GPa, 

.19 ± 0.02 GPa, 0.12 ± 0.01 GPa and 0.10 ± 0.04 GPa, respec- 

ively ( Fig. 7 b). After 28 days of biodegradation, the Young’s mod- 

li improved from those measured at day 7 ( i.e. , 0.23 ± 0.05 GPa, 

.30 ± 0.02 GPa, 0.17 ± 0.07 GPa and 0.13 ± 0.05 GPa, respec- 

ively), while being still lower than the initial values ( Fig. 7 b). 

he yield strengths of the specimens ( i.e. , Fe-5Ak, Fe-10Ak, Fe- 

5Ak and Fe-20Ak) reduced to 3.4 ± 0.2 MPa, 2.25 ± 0.02 MPa, 

.5 ± 0.3 MPa, and 0.8 ± 0.2 MPa ( Fig. 7 c), respectively, after 28 d

f biodegradation. 
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Fig. 5. The morphologies of the in vitro biodegradation products formed on the porous Fe-20Ak scaffolds: on the periphery after (a, b, c) 4 d, (d, e, f) 7 d, (g, h, i) 14 d, and 

(j, k, l) 28 d of biodegradation, and (m) at the center of the scaffolds after 28 d of biodegradation. The cross marks with numbers indicate the locations of the EDS analyses 

whose results are presented in Table 2 . 
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.6. Metabolic activity of cells on the extracts of the composites 

For the 50% and 25% extracts, the preosteoblasts were highly 

etabolically active ( i.e. , > 80%) for all the iron-akermanite spec- 

mens ( Fig. 8 a). When the extract concentration increased to 75%, 

he cells maintained their high levels of metabolic activity ( i.e. , > 

0%) for the Fe-10Ak, Fe-15Ak, and Fe-20Ak groups. These extracts 

ere categorized as grade 1 (or non-cytotoxic) according to ISO 

0,993-5 [73] . However, the metabolic activity of preosteoblasts 

ropped to < 50% when cultured in the 75% extracts of the Fe-5Ak 

omposite (grade 2 or moderately reactive [73] ). The inhibition of 

ell metabolic activity was only observed on all iron-akermanite 

xtracts without any dilution (grade 4 or severely reactive [73] ). 

In the extracts of iron-akermanite, Ca 2 + was the major com- 

onent, followed by Si + and Mg 2 + , while the Fe 2 + concentration 

as the lowest ( Fig. 8 b). The Ca 2 + concentration was 78 ± 2 mg/L,

7 ± 3 mg/L, 67 ± 2 mg/L, and 62 ± 1 mg/L for the Fe-5Ak, 

e-10Ak, Fe-15Ak, and Fe-20Ak extracts, respectively. The Ca 2 + 
oncentration decreased as the volume fraction of the akerman- s

363 
te increased in the specimens. Likewise, the Fe 2 + concentration 

alues ( i.e. , 21.7 ± 0.4 mg/L, 15 ± 2 mg/L, 12 ± 1 mg/L, and 

2.2 ± 0.2 mg/L. respectively) were lower in the extracts of the 

pecimens with higher akermanite volume fractions. The Mg 2 + 

oncentration was 26.8 ± 0.3 mg/L, 32 ± 1 mg/L, 36 ± 1 mg/L, 

nd 43 ± 1 mg/L for the Fe-5Ak, Fe-10Ak, Fe-15Ak, and Fe-20Ak 

pecimens, respectively. The corresponding values of the Si + con- 

entration were 44 ± 1 mg/L, 59 ± 2 mg/L, 60 ± 2 mg/L, and 

6 ± 1 mg/L, respectively. Unlike Ca 2 + and Fe 2 + , higher concentra- 

ions of Mg 2 + and Si + were observed for the extracts of the speci- 

ens with higher volume fractions of akermanite. 

.7. Proliferation of cells and their morphology on the composite 

caffolds 

From day 7 of the cell culture, the preosteoblasts cultured on 

he porous Fe-10Ak, Fe-15Ak, and Fe-20Ak specimens showed sig- 

ificantly higher proliferation as compared to that of the Fe-5Ak 

pecimens ( Fig. 8 c). A higher viable cell count was measured for 
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Fig. 6. The electrochemical measurements of the porous iron-akermanite composite scaffolds during 28 d of biodegradation: (a) OCP and (b) the R p values from the LPR 

tests; Bode plot of (c) Fe-5Ak, (d) Fe-10Ak, (e) Fe-15k, and (f) Fe-20Ak composites, indicating the impedance modulus values at different frequencies at some selected time 

points after biodegradation. 
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he specimens with a higher volume fraction of akermanite. How- 

ver, the preosteoblasts did not proliferate on the Fe-5Ak com- 

osite. In addition, a lower cell viability was observed, indicating 

hat these specimens were cytotoxic. Therefore, this group was ex- 

luded from the osteogenic assays. At day 7 of cell culture, the 

umbers of preosteoblasts corresponding to the Fe-10Ak, Fe-15Ak, 

nd Fe-20Ak specimens were not significantly different from the 

umber of cells measured for the Ti-6Al-4 V specimens. At day 28 

f cell culture, the cells grew more on Ti-6Al-4 V than on all the 

orous iron-akermanite scaffolds ( p < 0.0 0 01). Nevertheless, the 

umber of preosteoblasts present on the composite scaffolds ex- 

ibited a 30-folds increase within the same period of time ( Fig. 8 c).

The fluorescent images revealed the morphologies and distri- 

utions of preosteoblasts after 7 d ( Fig. 8 d), 14 d ( Fig. 8 e), and

8 d ( Fig. 8 f) of culture on the porous Fe-10Ak, Fe-15Ak, and Fe-

0Ak composites and Ti-6Al-4 V specimens. High-density, well- 

dherent cells were evident on the iron-akermanite composites 

ith almost no differences from the cells residing to the Ti-6Al- 

 V specimens, save for the Fe-5Ak scaffolds ( Figure S7 ). On the 

EM micrographs captured at days 7 ( Fig. 9 a) and 14 ( Fig. 9 b), the
 fi  

364 
reosteoblasts were elongated and had developed extended poly- 

irectional filopodia on the tested porous composite specimens 

 i.e. , Fe-10Ak, Fe-15Ak, and Fe-20Ak). By day 28, the preosteoblasts 

ere integrated into fibrous matrix layers on the surface of the 

orous composite specimens ( Fig. 9 c). The preosteoblasts present 

n the Ti-6Al-4 V specimens proliferated well and formed multi- 

le cellular layers by the end of the cell culture period. But such 

 fibrous-like layer was not observed on the Ti-6Al-4 V specimens. 

reosteoblasts on the Fe-20Ak composite developed the densest fi- 

rous matrix layer ( Fig. 9 d-e). On this matrix, the precipitation of 

inerals containing high Ca/P mass percentages, corresponding to 

he Ca/P atomic ratios in the range of 0.47 to 0.88 was identified 

 Table 3 ). 

.8. Collagen type-1 staining, Ca/P deposition, and ALP activity 

Preosteoblasts cultured on the porous iron-akermanite compos- 

tes demonstrated the initial cues of osteogenic differentiation. The 

brous matrix observed on the SEM micrographs ( Fig. 9 ) was con- 

rmed to be made of collagen type-1 ( Fig. 10 ). At the 7th d of cell
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Fig. 7. The compressive mechanical properties of the porous iron-akermanite composites: the stress-strain curves of (a) Fe-5Ak, (b) Fe-10Ak, (c) Fe-15Ak, and (d) Fe-20Ak 

scaffolds; (b) changes in the Young’s modulus and (c) yield strength during 28 d of biodegradation. 

Table 3 

Chemical compositions of the precipitated compounds (wt%) on the periphery of the porous Fe-Ak scaffolds after being cultured with preosteoblasts for 28 d, determined by 

EDS analysis. 

EDS point C O Na Mg Cl P K Ca Fe 

Fe-10Ak 1 19.99 36.43 7.13 – 0.67 5.97 0.81 5.27 23.72 

2 14.34 27.62 6.57 – 0.97 9.57 1.14 7.68 32.11 

Fe-15Ak 3 39.45 28.52 7.59 – 0.85 5.73 0.87 2.93 14.06 

4 32.63 28.57 6.04 – – 8.30 0.75 3.90 19.81 

Fe-20Ak 5 15.31 15.82 3.30 0.38 0.84 13.04 1.46 8.99 40.86 

6 16.24 16.45 5.02 – 0.85 12.72 1.98 8.29 38.45 
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ulture, the collagen type-1 staining on the composites was more 

rofound on the Fe-20Ak scaffolds than on the Fe-15Ak and Fe- 

0Ak scaffolds ( Fig. 10 a). The collagen type-1 matrix further inten- 

ified over 14 d of cell culture ( Fig. 10 b). At day 28, the matrix cov-

red the struts of the Fe-15Ak and Fe-20Ak specimens ( Fig. 10 c). 

he porous iron-akermanite composites clearly induced more col- 

agen secretion than the Ti-6Al-4 V specimens. In addition, the 

ariation of the Ca 2 + concentrations in the cell culture medium 

f the iron-akermanite composites with time was also measured 

 Fig. 10 d). At day 7, the Ca 2 + concentrations were 146.9 ± 5.3 mg/L,
365 
55.6 ± 7.4 mg/L, and 169.4 ± 4.2 mg/L for the Fe-10Ak, Fe-15Ak, 

nd Fe-20Ak groups, respectively. At days 14 and 28, the Ca 2 + con- 

entrations decreased to 127.0 ± 3.1 mg/L and 113.2 ± 6.8 mg/L 

or Fe-10Ak, 147.8 ± 2.4 mg/L and 97.0 ± 2.6 mg/L for Fe-15Ak, 

nd 154.2 ± 4.2 mg/L and 104.9 ± 3.3 mg/L for Fe-20Ak. 

Furthermore, at day 7, the ALP activity values of the pre- 

steoblasts on the Fe-10Ak, Fe-15Ak, Fe-20Ak and Ti6Al4V speci- 

ens were 1.0-fold, 1.1-fold, 1.1-fold, and 2.6-fold higher than the 

egative control groups, respectively. At day 14, the ALP activity 

alues were 1.5-fold, 1.3-fold, 1.7-fold, and 2.9-fold higher than the 
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Fig. 8. The compatibility of the porous iron-akermanite composites with the MC3T3-E1 preosteoblasts: (a) the metabolic activity of the preosteoblasts after culture with the 

extracts of the porous iron-akermanite composites, (b) The concentrations of the Ca, Fe, Mg, and Si ions in the iron-akermanite extracts, (c) the number of the cell counts 

over the 28 d of culture, and the live dead staining of the preosteoblasts on the porous Fe-10Ak, Fe-15Ak, and Fe-20Ak and Ti-6Al-4 V scaffolds after (d) 7 d, (e) 14 d, and 

(f) 28 d of culture. ∗∗∗∗ = p < 0.0 0 01, ∗∗∗ = p < 0.001, ∗∗ = p < 0.01, and ∗ = p < 0.05. 
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egative control groups, respectively. At day 28, the ALP activity 

alues of the preosteoblasts cultured on the composite specimens 

 i.e. , Fe-10Ak, Fe-15Ak, Fe-20Ak) were 2.4-fold, 2.5-fold, and 2.3- 

old higher than the negative control groups. The values were al- 

ost comparable to the Ti-6Al-4 V specimens cultured in the os- 

eogenic medium ( i.e. , 2.5-fold higher than the negative control 

roups). 

. Discussion 

The results of this study show the potential of iron-akermanite 

omposite scaffolds fabricated using extrusion-based 3D printing 

or enhancing the performance of iron-based bone substitutes. The 

eveloped biomaterials successfully addressed both challenges as- 

ociated with iron-based bone substitutes, namely their low rates 

f biodegradation and limited bioactivity. The biodegradation rates 

 i.e. , 0.08–0.13 mm/y 28 d in vitro ) were significantly enhanced due 

o the addition of 5–20 vol% akermanite to iron. Despite the in- 

ensified biodegradation, the porous composites maintained their 

echanical properties ( i.e. , E = 0.13–0.24 GPa and σ y = 0.8–

.3 MPa) high enough to be in the range of the values reported 

or the cancellous bone [74] . Furthermore, the composite scaffolds 

rovided a favorable environment for the adhesion, proliferation, 
366 
nd osteogenic differentiation of preosteoblasts. These findings fur- 

her advance the development of additively manufactured porous 

iodegradable iron for application as bone substitutes, encouraging 

urther in vivo research to bring them closer to clinical applica- 

ions. 

.1. Extrusion-based 3D printing of the porous iron-akermanite 

caffolds 

Extrusion-based 3D printing, followed by debinding and sin- 

ering, accomplished the additive manufacturing of porous iron- 

kermanite composite scaffolds. We created iron-akermanite- 

ontaining inks that could be simply extruded into 3D porous ar- 

hitecture at ambient temperature. Here, the choice of binder is of 

ritical importance, e.g. , hypromellose polymer ( Figure S2 ) being 

ble to provide the inks with the shear-thinning properties that 

re required to enable smooth flow without clogging the nozzle 

ip [75–78] . The printing pressure was the only variable that was 

ltered during the 3D printing of the inks. A higher printing pres- 

ure was required for a more viscous iron-akermanite ink ( Fig- 

re S2 ). The viscosity values of the inks differed due to the hy- 

rophilic behavior of akermanite [79] , which increased with the 

olume fraction of akermanite suspended in the ink. Upon extru- 
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Fig. 9. The morphologies of the preosteoblasts after (a) 7 d, (b) 14 d, and (c) 28 d of culture on the Fe-10Ak, Fe-15Ak, and Fe-20Ak composite scaffolds. At a lower 

magnification, the formation of fibrous extracellular matrix on the periphery of the (d) Fe-10Ak and (e) Fe-20Ak composites. 

s

s

(

i

p

t  

s  

a

t

a

(

f

p

(  

p

p

i

t

a

t

h

i

t

a

m

t

e

(  

i

[

i

t

8

m

p

e

4

c

2

f

s

t  

w

i

T

l  

b

t

r

ion, the inks quickly solidified, meaning that the shape of the 

caffolds could be well maintained. The green-bodies were robust 

 Figure S1 ) and could be immediately transformed into porous 

ron-akermanite composites through the debinding and sintering 

rocess steps ( Fig. 1 ). 

The composite scaffolds contained well-defined macro pores 

hat conformed to the original design ( Fig. 1 d). The choice of the

intering parameters ( i.e. , temperature = 1200 °C and time = 6 h)

llowed iron and akermanite powder particles to be partially sin- 

ered, resulting in minimal shrinkage. The partially sintered iron- 

kermanite powders provided random micro pores in the struts 

 Fig. 1 e-h), thereby increasing the total porosity of the final scaf- 

olds beyond the initially designed values (with solid struts). Iron 

articles appeared to have been coated with Ca, Mg, and Si 

 Fig. 1 i), which was due to the water-based binder in the ink that

romoted the dissolution of akermanite particles during the ink 

reparation and the 3D printing processes ( Figure S3 ). This coat- 

ng could be beneficial for the adhesion and proliferation of os- 

eoprogenitor cells to promote osseointegration [ 23 , 80 ]. The iron- 

kermanite composite scaffolds exhibited a large pore interconnec- 

ivity ( i.e. , 97–99%, Fig. 2 a). A highly interconnected porous scaffold 

as been suggested to be beneficial for tissue regeneration [81] , as 

t allows for improved cell migration, nutrition, and oxygenation 

hroughout the scaffolds. 

Furthermore, the composite scaffolds only contained the α-Fe 

nd akermanite phases ( Fig. 2 c), indicating that the two materials 

aintained their individual characteristics even after exposure to 
367 
he high temperature during sintering at 1200 °C for 6 h. How- 

ver, at the interfaces, iron had diffused into the akermanite phase 

 Fig. 2 d). Such an event has been also observed in other studies on

ron-based composites prepared by using the sintering technique 

 44 , 46 , 47 ]. Proper interfacial bonding between both material types 

s of importance, as poorly bonded interfaces often cause prema- 

ure failure when applied stress exceeds certain thresholds [82–

4] . Such interface diffusion between the iron matrix and the aker- 

anite phase may strengthen the mechanical integrity of the com- 

osite scaffold for its intended use and assist with the bone regen- 

ration process. 

.2. Biodegradation 

Porous iron-akermanite composites demonstrated significant in- 

reases in their rates of in vitro biodegradation ( i.e. , from 1.6 to 

.6 times at day 28) as compared to porous monolithic iron scaf- 

olds [37] . The higher solubility of akermanite in the physiological 

olution (as compared to iron) led to a higher mass loss during 

he initial 4 days of biodegradation for all the scaffolds ( Fig. 3 b),

hich is in line with the biodegradation mechanisms of typical 

ron-bioceramic composites described in the literature [ 40 , 46 , 47 ]. 

he mass loss values dropped on day 7 and progressed with even 

ower rates for the later time points ( i.e. , days 14 and 28) of the

iodegradation tests. Such variations in mass loss were a result of 

he precipitated biodegradation products that influenced the cor- 

osion process. Indeed, the addition of akermanite enhanced the 
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Fig. 10. Collagen type-1 staining on the porous Fe-10Ak, Fe-15Ak, and Fe-20Ak composite scaffolds after culture with preosteoblasts for (a) 7 d, (b) 14 d, and (c) 28 d (d) 

The variations of the Ca ion concentration in the cell culture medium during the cell culture period. (e) The ALP activity values of the preosteoblasts at a number of selected 

time points. 
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iodegradation of the composites. This was further confirmed by 

he continuous release of Ca 2 + , Mg 2 + , and Si + into the immer- 

ion medium ( Fig. 4 ). Besides its favorable solubility, the dissolu- 

ion of akermanite is expected to have also created available micro- 

hannels for r-SBF to be in contact with more iron surfaces for 

iodegradation. 

As corrosion naturally occurred during the immersion tests, 

he degradation products precipitated all over the surfaces of the 

omposite scaffolds ( Fig. 5 , S4–6 ). In general, the dense Fe-based 

orrosion products are known to promote the passivation of the 

ubstrate, thereby slowing down biodegradation at the later time 

oints of the immersion period ( Fig. 3 c). The principal phase in 

he degradation products was identified to be γ -FeOOH ( Fig. 3 d- 

). This is similar to other biodegraded Fe scaffolds [22] . 

Ca-based biodegradation products were also identified. The pre- 

ipitation of Ca-based degradation products can be related to the 

otal Ca 2 + concentration in the immersion medium ( Fig. 4 ). The 

oncentration of Ca 2 + released from akermanite into SBF was re- 

orted to be approximately 5 times higher than its initial concen- 

ration in the medium after 20 days of in vitro biodegradation [85] . 

fter 28 d of biodegradation, however, the Ca 2 + concentrations in 

he immersion media of the Fe-15Ak and Fe-20Ak specimens were 

nly 1.2–1.3 times higher than the initial concentration in the r-SBF 

edium ( Fig. 4 b). For the specimens with a lower akermanite vol- 

me fraction ( i.e. , Fe-5Ak or Fe-10Ak), Ca 2 + released from the ak- 

rmanite phase was merely sufficient to maintain the ion concen- 
368 
ration close to the original value in r-SBF for 7 days. At the later 

ime points of immersion, the Ca 2 + concentration even dropped 

 Fig. 4 b). These imply that the Ca 2 + released from the compos- 

te scaffolds mostly participated in the formation of the biodegra- 

ation products. However, the expected calcium phosphate com- 

ounds were not detected, despite the significant decline in the 

oncentration of the PO 4 
3 − in the immersion medium ( Fig. 4 e). 

he P element was scarcely observed in the other biodegradation 

roducts ( Table 2 , S1–3 ). Instead, CaCO 3 formed on the composite 

caffolds as early as day 4 of the immersion test ( Fig. 3 d-e). This is

ikely because the biodegradation process took place in a 5% CO 2 

tmosphere, which maintained the HCO 3 
− concentration in the im- 

ersion medium, allowing CaCO 3 to form [86] . 

The CaCO 3 phase is stable in the presence of Mg and Si [87–

9] . Given that we observed the CaCO 3 phase in the biodegrada- 

ion products up to the end of the immersion test period ( i.e. , 28

), the stabilization stage must have occurred due to the readily 

ccessible Mg 2 + and Si + in the immersion medium ( Fig. 4 c-d). The 

g 2 + and Si + concentrations continuously increased over the im- 

ersion period ( Fig. 4 c-d). The Mg-based biodegradation products 

 e.g. , Mg(OH) 2 ) are known to be stable in environments with pH

11.5 [90] . The absence of Mg- or Si-based biodegradation prod- 

cts is, therefore, not unexpected, given that the biodegradation 

akes place under relatively stable pH conditions with a pH value 

f up to 7.65. In addition, for calcium phosphate formation in CaO- 

iO -based compounds, such as akermanite, a negatively charged 
2 
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Table 4 

Biodegradation rates of extrusion-based 3D printed iron-akermanite composites during in vitro immersion tests in comparison to the values reported in the literature. 

Material and fabrication technique Porosity (%) Immersion condition Time points 

Biodegradation rate 

(mm/year) Ref. 

Porous Fe-Ak Extrusion-based 3D 

printing and sintering 

70–72 Static, 37 °C 5% CO 2 

r-SBF 

14 d 0.14 – 0.24, or 2.9 

– 5.1 ∗
This study 

28 d 0.08 – 0.13, or 1.8 

– 2.8 ∗

Fe-30TCP(vol%) Powder injection 

molding 

– Static, 37 °C 0.9% NaCl 56 d 0.2 [43] 

Fe-40TCP (vol%) 0.196 

Fe-50TCP (vol%) 0.150 

Fe-5HA (wt%) Powder metallurgy and 

sintering 

– Static, 37 °C Kokubo’s 

solution 

14 d 1.01 ∗ [40] 

Fe-5TCP (wt%) 1.49 ∗

Fe-5BCP (wt%) 2.16 ∗

Fe-1.5Mg 2 Si (wt%) Powder metallurgy, 

ball milling, and 

sintering 

0.9–2.1 Static, 37 °C 5% CO 2 

Hank’s modified 

solution 

14 d 0.19 – 0.28 [48] 

Fe-20CaSiO 3 (wt%) Powder metallurgy and 

sintering 

– Static, 37 °C SBF 28 d ∼1.7 ∗ [46] 

Fe-30CaSiO 3 (wt%) ∼2.3 ∗

Fe-40CaSiO 3 (wt%) ∼3.3 ∗

Porous Fe-30CaSiO 3 (wt%) 3D printing and 

sintering 

n/a Static, 37 °C Tris–HCl 28 d ∼12 ∗∗ [29] 

Fe-25TCP (vol%) Powder metallurgy and 

sintering 

– Static, 37 °C 0.9% NaCl 12 w 0.12 [45] 

Fe-50TCP (vol%) 

Fe-5Bredigite (wt%) Selective laser melting – Static, 37 °C SBF 14 d 4.5 ∗ [51] 

Fe-7.5Bredigite (wt%) 5.9 ∗

The values were expressed in ∗g/m 

2 /d and ∗∗ percentage of mass loss. 
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urface made of a hydrated silica-rich layer is required for apatite 

ucleation [85] . The unavailability of Si-based biodegradation prod- 

cts can further explain the delay in the growth of bony apatite 

n the struts of the scaffolds. A favorable property of the CaCO 3 

hase is that it is a precursor material for the carbonate apatite 

ineral [91–93] . CaCO 3 is well-known for its biodegradability and 

ioactivity and is clinically used as a bone filler [94] . The addition 

f CaCO 3 to the biodegradation products is, therefore, expected to 

mprove the cytocompatibility of the developed bone substitutes. 

The precipitation of the biodegradation products influences the 

lectrochemical responses of the specimens. The stable OCP val- 

es ( Fig. 6 a) suggest that the iron-akermanite composite scaffolds 

reserved their susceptibility to biodegradation over time and that 

heir associated biodegradation products did not passivate the base 

aterials ( Fig. 6 b). The modulus of the impedance at low frequen- 

ies, indicative of the charge transfer and hence corrosion resis- 

ance, shows a reducing trend with time ( Fig. 6 c-f), which is sim-

lar to the R p results ( Fig. 6 b). In addition, the impedance modu-

us values at mid-frequency range ( e.g. , 100 Hz), indicative of the 

volution of the corrosion products [70–72] , were relatively stable 

ver time ( Fig. 6 c-f) albeit that some ongoing corrosion product 

ormation is suggested by the trend of the peak start of the Bode 

lot phase angle at low-to-mid frequencies to shift from a higher 

requency to a lower frequency as a function of time of exposure 

95] . All in all, the EIS data analysis indicates that the intrinsic in-

egrity and protectiveness of the biodegradation products is rela- 

ively limited. The decreasing resistivity and the evolution of the 

orrosion process can also be explained by the formation and mat- 

ration of CaCO 3 on the surfaces of the specimen struts. Despite 

ts dense coverage on the surfaces, the biodegradability of CaCO 3 

94] means that corrosion can continuously progress into the base 

aterials. 

In general, the in vitro biodegradation rates of the iron- 

kermanite composite scaffolds are comparable with those re- 

orted in the literature ( Table 4 ). However, the Fe-based compos- 

tes were mostly studied in the bulk form and contained different 

ypes or compositions of bioceramics, which makes a direct com- 

arison challenging. Several factors are of importance to consider 

hen one compares the biodegradation rates of Fe-based com- 

osites. Firstly, the addition of bioceramics with a high-volume 
369 
raction to the Fe matrix improves the biodegradability of the 

omposites. For example, akermanite biodegraded faster than TCP 

 59 , 61 ], but the bulk Fe composites with higher TCP volume frac-

ions ( i.e. , 25–50 vol% [ 43 , 45 ]) biodegraded more rapidly than our

omposite scaffolds with lower akermanite volume fractions ( i.e. , 

–20 vol%). Secondly, bioceramics are often selected based on their 

wn biodegradation profiles. For example, bredigite has a higher 

iodegradation rate than akermanite [96] . The addition of 5 and 

.5 wt% bredigite to the Fe matrix [51] led to much higher rates of 

iodegradation than our scaffolds made of Fe-15Ak ( = 6.2 wt% Ak) 

nd Fe-20Ak ( = 8.6 wt% Ak). However, this can be further tuned by 

he design of the composite structure ( e.g. , open porosity or intri- 

ate porous design). For instance, CaSiO 3 is known for its superior 

iodegradability [ 61 , 97 ], but the bulk Fe-based composites con- 

aining 20–30 wt% CaSiO 3 did not biodegrade faster, as compared 

o porous Fe-20Ak ( = 8.6 wt% Ak) composite scaffolds [ 46 , 47 ].

he high interconnected porosity of the iron-akermanite composite 

caffolds clearly enhances their biodegradation rates, even though 

he dissolution rate of akermanite is lower than that of CaSiO 3 [61] . 

In addition, the fabrication processes applied to a composite 

aterial can alter its biodegradation profile too. A powder met- 

llurgy technique that includes ball milling can create a much- 

efined microstructure of the resulting powder particles, which of- 

en results in an enhanced biodegradation rate of the composite. 

he bulk Fe composite containing 5 wt% HA did not show a faster 

iodegradation rate compared to the bulk pure Fe [40] . When the 

A particles were milled into various smaller sizes, the biodegra- 

ation rate of Fe-5 wt% HA composites increased up to 5 times 

42] . Similar event was also reported for the Fe-Mg 2 Si composites 

48–50] given in Table 4 . 

Furthermore, the immersion solution influences the biodegra- 

ation rates. We used the r-SBF medium that has the same ion 

oncentrations as the blood plasma. Other available solutions ( e.g. , 

BF or modified Hank’s Balanced Salts) contain a higher concen- 

ration of Cl − that can accelerate the biodegradation of iron. More- 

ver, the addition of proteins to the solution has been reported 

o affect the corrosion profile of iron [98] . Finally, and most im- 

ortantly, the corrosion profile of Fe-based composites should be 

tyled for sustainable biodegradation, while maintaining the me- 

hanical integrity of the bone substitutes. 
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.3. Mechanical behavior 

When loading is applied to a composite scaffold, the load will 

e transferred from the iron matrix to the reinforcing phase across 

any interfaces [39] . Therefore, good interfacial bonding between 

ron and akermanite is of importance to ensure that high strength 

s achieved and the mechanical integrity of the composite mate- 

ial is preserved. Our iron-akermanite composite scaffolds were ca- 

able of maintaining their mechanical properties ( i.e. , E = 0.13–

.24 GPa and σ y = 0.8–4.3 MPa) in the range of those of the can-

ellous bone [74] , even after 28 days of biodegradation and did not 

xhibit any signs of premature failure ( Fig. 7 ). The addition of 10

ol% akermanite to the iron matrix led to the highest Young’s mod- 

lus value ( Fig. 7 b). As for the yield strength, adding akermanite 

id not improve the value. The mechanical properties of the com- 

osite scaffolds were much lower than those of the porous mono- 

ithic iron ( E = 0.6 GPa and σ y = 7.2 MPa) [37] . This could be

ttributed to the intrinsically brittle nature of akermanite and its 

ow fracture toughness [99] . 

Biodegradation usually reduces the mechanical properties of the 

iomaterials. The change in the mechanical properties should be 

ailored to match the rate of bone tissue regeneration to ensure 

hat the required mechanical support continues to be available. 

he yield strength decreased with biodegradation time for all the 

orous iron-akermanite scaffolds. Similar trends have been also ob- 

erved for Fe-TCP composites (with 30–40 vol% TCP) after 56 days 

f biodegradation [43] . Interestingly, the Young’s moduli of the 

omposite scaffolds increased at the later time points of biodegra- 

ation ( Fig. 7 b-c). 

The changes in the mechanical properties can be explained by 

he interactions between the composite scaffold and its biodegra- 

ation products during mechanical loading. The bonding between 

he biodegradation products and the strut surfaces and pores of 

he composite scaffolds is due to the van der Waals forces. When 

ubjected to small levels of compressive strain, this weak bond- 

ng can share the load between the composite matrix and the 

egradation products, hence increasing Young’s modulus. The im- 

rovement in Young’s modulus after biodegradation is likely due 

o the strengthening effect of precipitation and the growth of the 

iodegradation product phases and has been observed in other 

tudies as well [ 100 , 101 ]. At the higher levels of strain ( e.g. , reach-

ng the yield strain), however, such load transfer will fail. From 

here on, the mechanical strength will only depend on the biode- 

raded base materials, which is why the yield strength decreases 

ith immersion time. It is important to note that the inclusion 

f up to 20 vol% akermanite in the composite did not make the 

omposite material brittle. The iron-akermanite scaffolds exhibited 

 ductile behavior despite biodegradation ( Fig. 7 ), which is impor- 

ant for enduring cyclic loading when used as load-bearing bone 

ubstitutes. 

.4. Cytocompatibility and osteogenic properties 

Limited bioactivity is one of the major challenges hampering 

he clinical use of biodegradable Fe-based materials. The response 

f the cells to biodegradable materials is strongly conditioned by 

he concentrations of the ions released into the medium and the 

ormation of the biodegradation products. In the present work, the 

ron-akermanite composite scaffolds (with 10–20 vol% akerman- 

te) received a high metabolic response from the preosteoblasts 

C3T3-E1 cell line ( Fig. 8 ). The composite scaffolds were favored 

y the cells for adhesion and proliferation over the entire period of 

he cell culture experiments ( Fig. 8 ). The specimens also allowed 

he deposition of collagen type-1 ( Fig. 9 ) and the formation of ini-

ial bone minerals in vitro ( Fig. 10 ). 
370 
First, we evaluated the metabolic activity of preosteoblasts us- 

ng the iron-akermanite extracts. A higher volume fraction of aker- 

anite in the composite scaffold resulted in lower concentrations 

f Ca 2 + and Fe 2 + released into the medium ( Fig. 8 b). The reduced

a 2+ concentration in the extracts corresponded to the formation 

f Ca/P compounds on the composite scaffolds during the immer- 

ion in the cell culture medium ( Figure S8, Table S4 ). The Fe 2 + de-

letion could be due to its precipitation in the formation of other 

egradation products ( e.g. , made of carbonates). The cytocompati- 

ility of the Fe-based composite scaffolds is mainly limited by the 

igh concentration of released Fe 2 + , which catalyzes the formation 

f radical compounds that are harmful to cells [102] . However, the 

e 2+ concentration values in all the extracts were much lower than 

he inhibitory concentration (IC 50 ) reported for preosteoblasts [38] . 

his implies that the inhibition of the metabolic activity by 100% 

xtracts may be due to other factors, such as the highly ionic envi- 

onment in the medium which could induce cell death [103] . With 

 slight dilution ( i.e. , 1.3 ×), the preosteoblasts turned highly ac- 

ive in the Fe-10Ak, Fe-15Ak and Fe-20Ak extracts. These results 

ere very much improved compared to those of monolithic iron 

caffolds [37] . 

Furthermore, we studied the adhesion, proliferation, and os- 

eogenic differentiation of the preosteoblasts directly cultured on 

he composite scaffolds with a high medium amount to minimize 

he local build-up of metal ions and better mimic the in vivo con- 

itions ( e.g. , in the presence of in vivo fluid circulation). The Fe- 

Ak composite scaffold was found to exhibit a similar cytotoxic re- 

ponse to the pure iron scaffold (as reported elsewhere [37] ). The 

e-5Ak group released a higher concentration of Fe 2 + , as compared 

o the other composite scaffold groups ( Fig. 8 b), which must have 

ontributed to the cytotoxicity of the material. In other words, the 

5 vol% iron content in the composite appeared to be still too 

igh to provide a cytocompatible and bioactive environment for 

he cells. Conversely, the preosteoblasts were viable and prolifer- 

ted on the Fe-10Ak, Fe-15Ak, and Fe-20Ak composites ( Fig. 8 c). 

he proliferation rates of the cells cultured with the composite 

caffolds (with 10 – 20 vol% Akermanite) were comparable to the 

alues measured for Ti-6Al-4 V (the reference) during the first 7 

ays but somewhat decreased over time. Nevertheless, the pre- 

steoblasts were actively growing over time ( Fig. 8 c), which is a 

trong indicator for the cytocompatibility of the Fe-based compos- 

te scaffolds for these cells. In addition, the preosteoblasts well 

dhered to the composite surfaces ( Fig. 8 d-f) with an elongated 

hape and poly-directional filopodia ( Fig. 9 a-b). Despite the en- 

anced biodegradation rates, all the hallmarks of cytocompatibility 

ere observed in the response of the preosteoblasts to the com- 

osite scaffolds. This is caused by the addition of akermanite to the 

e matrix [59–61] . Similar levels of cytocompatibility have been 

lso observed for other types of Fe-based composites ( e.g. , Fe-TCP 

40] , Fe-CaSiO 3 [ 46 , 47 ], and Fe-Bredigite [51] ). 

The composite scaffolds (containing 10–20 vol% akermanite) 

urther evidenced their ability to induce osteogenic differentiation 

ithout the use of any osteogenic reagent ( i.e. , ascorbic acid or 

-glycerophosphate) during the cell culture experiments. At the 

ater time points ( i.e. , from 7 d onwards), the preosteoblasts se- 

reted a fibrous-like matrix ( Fig. 9 ) that was recognized as collagen 

ype-1 ( Fig. 10 a-c). Collagen substrate has been shown to facilitate 

he precipitation of minerals and support osteogenic differentiation 

 104 , 105 ]. We observed high amounts of Ca/P elements ( Table 3 ) in

he minerals deposited on the collagen layer ( Fig. 9 c) along with 

ther molecules ( e.g. , carbonate-based precipitates). On the con- 

rary, the formation of Ca/P compounds on the scaffolds immersed 

n the cell culture medium without cells ( Figure S8, Table S4 ) only 

ccurred on the surfaces of akermanite particles, but not on Fe par- 

icles. Finally, the composite scaffolds enhanced the ALP activity of 

he cells from day 14 towards a level comparable with that of the 
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ells cultured on Ti-6Al-4 V scaffolds under the osteogenic con- 

itions at day 28 ( Fig. 10 e). Akermanite was previously found to 

romote the osteogenic differentiation rat bone marrow stem cells 

60] and of human bone marrow stem cells [106] even without any 

eed for osteogenic supplements [107] . Taken together, our in vitro 

esults show the potential of the iron-akermanite composite scaf- 

olds as osteoinductive biomaterials to assist bone regeneration. 

. Conclusions 

We used extrusion-based 3D printing to fabricate, for the first 

ime ever, porous iron-akermanite composite scaffolds. We then 

tudied the characteristics of the porous composite scaffolds, aim- 

ng to bring Fe-based biomaterials closer to meeting the clini- 

al requirements for bone substitution. The fabricated composites 

ossessed a highly interconnected porous structure. The in vitro 

iodegradation rates of the composite scaffolds were enhanced due 

o the presence of akermanite in the α-Fe matrix. The biodegrada- 

ion process and its associated product formation on the composite 

caffolds influenced the mechanical properties of the composites. 

owever, the yield strengths and elastic moduli of the specimens 

tayed in the range of those reported for the cancellous bone even 

fter 28 days of biodegradation. Indirect cell culture showed the 

nhanced cytocompatibility of the composites for preosteoblasts 

s compared to similarly processed pure iron, which was most 

ikely caused by the presence of Ca 2 + , Mg 2 + , and Si + in the culture

edium. In direct cell cultures, the preosteoblasts well-adhered to 

he composite specimens (containing 10–20 vol% akermanite), pro- 

iferated over time, and secreted the collagen type-1 matrix that 

timulated bony-like mineralization. In terms of ALP activity, the 

omposite specimens (containing 10–20 vol% akermanite) were not 

ignificantly different from the positive control ( i.e. , Ti6Al4V spec- 

mens), when subjected to the cell culture under osteogenic con- 

itions. Taken together, the results of this study clearly show the 

xceptional potential of the developed porous composite scaffolds 

or application as bone substitutes and motivate further research 

nto their in vivo performance. 
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