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ABSTRACT

Additively manufactured (AM) topologically ordered porous metallic biomaterials with the proper
biodegradation profile offer a unique combination of properties ideal for bone regeneration. These
include a fully interconnected porous structure, bone-mimicking mechanical properties, and the possibil-
ity of fully regenerating bony defects. Most of such biomaterials are, however, based on magnesium and,
thus, degrade too fast. Here, we present the first report on topologically ordered porous iron made by
Direct Metal Printing (DMP). The topological design was based on a repetitive diamond unit cell. We con-
ducted a comprehensive study on the in vitro biodegradation behavior (up to 28 days), electrochemical
performance, time-dependent mechanical properties, and biocompatibility of the scaffolds. The mechan-
ical properties of AM porous iron (E = 1600-1800 MPa) were still within the range of the values reported
for trabecular bone after 28 days of biodegradation. Electrochemical tests showed up to ~12 times higher
rates of biodegradation for AM porous iron as compared to that of cold-rolled (CR) iron, while only 3.1% of
weight loss was measured after 4 weeks of immersion tests. The biodegradation mechanisms were found
to be topology-dependent and different between the periphery and central parts of the scaffolds. While
direct contact between MG-63 cells and scaffolds revealed substantial and almost instant cytotoxicity in
static cell culture, as compared to Ti-6Al-4V, the cytocompatibility according to ISO 10993 was reason-
able in in vitro assays for up to 72 h. This study shows how DMP could be used to increase the surface
area and decrease the grain sizes of topologically ordered porous metallic biomaterials made from metals
that are usually considered to degrade too slowly (e.g., iron), opening up many new opportunities for the
development of biodegradable metallic biomaterials.

Statement of Significance

Biodegradation in general and proper biodegradation profile in particular are perhaps the most important
requirements that additively manufactured (AM) topologically ordered porous metallic biomaterials
should offer in order to become the ideal biomaterial for bone regeneration. Currently, most biodegrad-
able metallic biomaterials are based on magnesium, which degrade fast with gas generation. Here, we
present the first report on topologically ordered porous iron made by Direct Metal Printing (DMP). We
also conducted a comprehensive study on the biodegradation behavior, electrochemical performance,
biocompatibility, and the time evolution of the mechanical properties of the implants. We show that
these implants possess bone-mimicking mechanical properties, accelerated degradation rate, and reason-
able cytocompatibility, opening up many new opportunities for the development of iron-based
biodegradable materials.
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1. Introduction

Additively manufactured (AM) porous metallic biomaterials
have recently emerged as promising bone substitutes with
unprecedented opportunities for improving bone regeneration
[1,2]. The topological design of AM porous biomaterials can be pre-
cisely controlled and customized [3], which can then be exploited
to mimic the mechanical properties of bone [4], accommodate cell
proliferation and differentiation, and eventually enhance bone
regeneration [5]. To date, the vast majority of the AM metallic por-
ous biomaterials have been made from bio-inert materials such as
titanium alloys [6-8], pure titanium [9], stainless steel [10], tanta-
lum [11], nitinol [7], and cobalt-chromium [12]. The main limita-
tion of these bio-inert materials is that they stay permanently in
the body as foreign objects, which may lead to permanent physical
irritation and chronic local inflammatory reactions [13]. As a con-
sequence, there may be a need for a second surgery. Even when no
additional surgery is required, bone regeneration may not be com-
plete [14]. Biodegradability is therefore considered to be an equally
important requirement for an ideal bone substitute.

Biodegradable metals have recently gained much attention due
to their attractive degradation characteristics and high mechanical
properties as compared to those of biodegradable polymers and
ceramics [15]. Among biodegradable metals, those based on mag-
nesium and iron have been studied the most [16-25]. The impor-
tant challenge when dealing with magnesium-based biomaterials
is that their degradation rates are relatively high [15,26]. On the
contrary, the major disadvantage for iron-based materials is their
slow degradation rates [27]. AM porous metallic biomaterials gen-
erally have much larger surface area as compared to their solid
counterparts [28]. This may be not an advantage for magnesium-
based materials, because larger surface area normally results in
an even higher biodegradation rate. Increased surface area could,
however, be an important advantage for materials that degrade
too slowly such as iron and its alloys. Besides, iron-based alloys
possess better mechanical properties than Mg-based alloys [29],
making them more interesting as porous biomaterials.

In addition, iron is inexpensive [25] and does not release hydro-
gen gas during biodegradation. Moreover, a number of animal
studies have reported that iron-based biomaterials exhibit good
biocompatibility [27,30-32]. So far, only a few studies on the
development of iron scaffolds for orthopedic applications have
appeared in the literature and powder metallurgy techniques
[33-35], electrodeposition [36], ink/binder-jetting [ 16,29], or space
holder [37-40] have been used.

Here, we demonstrate for the first time how direct metal print-
ing (DMP) could be used to fabricate topologically ordered porous
iron. We also present a comprehensive study on the biodegrada-
tion behavior, electrochemical performance, biocompatibility, and
the evolution of the mechanical properties of the scaffolds over
time.

2. Material and methods
2.1. Scaffold manufacturing and post processing

Design files were prepared with Magics (Materialise, Belgium)
and DMP Control software (3D Systems, Belgium). The samples
were designed to have a height of 10.5 mm, a diameter of 10
mm, a relative density of 20%, and a diamond unit cell with a strut
thickness 200 um and a cell size of 1 mm (Fig. 1a, b). A ProX DMP
320 machine (3D Systems, Belgium) was used for sample prepara-
tion. We used a nitrogen gas atomized Fe powder (Material Tech-
nology Innovations Co., Ltd., China) (Fig. 1c) with the following
characteristics: purity: 99.88%; particle sizes: Djp=32um,

5 mm

Fig. 1. Scaffold design and manufacturing: (a) diamond unit cell, (b) scaffold design,
(c) Fe powder particle morphology, and (d) an example of one layer scanned in the
AM process (DMP Control software).

Dso =48 um and Dgg =71 um; morphology: spherical; apparent
density: 4.09 g/cm>; tap density: 4.88 g/cm®; angle of repose:
157°; carbon content: 0.0044%. The microstructure (Fig. S1) of
the iron powder was also analyzed. The powder was deposited in
layers of 30 pm during DMP. Given the low relative density of
the samples, only contour but no hatch vectors were used
(Fig. 1d, 0.33 W/mm energy density). The samples were built on
a steel base plate and were later on removed from this base plate
with electrical discharge machining (EDM). Powder particles
entrapped in pores were removed by means of ultrasonic cleaning
in 96% ethanol for 20 min. Then, the samples were chemically
cleaned in 50% HCI for 1 min to remove residuals from EDM and
loose powder particles, followed by 5 min ultrasonic cleaning in
96% ethanol again to wash out HCL.

2.2. Topological characterization

The iron scaffolds were imaged using micro-computed tomog-
raphy (pCT) (Quantum FX, Perkin Elmer, USA) at a tube current
of 180 puA, a tube voltage of 90 kV, a scan time of 3 min, and a res-
olution of (30 um)? with a total 3600 projections. uCT images were
automatically reconstructed and converted into a series of 2D
images using Analyze 11.0 (Perkin Elmer, USA). Then, the images
were exported to FIJI (NIH, Bethesda, MD, USA) and locally thresh-
olded using Bernsen algorithm (radius = 15). This allowed accurate
segmentation of the scaffolds and capturing of their morphological
features. Afterwards, circular regions of interest (ROIs) with a
diameter of 10 mm were created on the cross section of the scaf-
folds. After thresholding and using the cylindrical ROIs which over-
lay the total volume of the scaffolds, porosity (defined as the ratio
of the void volume to the scaffold volume), averaged strut thick-
ness (Th.Th) and averaged strut spacing (Tb.Sp), i.e., pore size, were
calculated using Bone] (a plugin of FIJI).

2.3. Microstructural characterization

The microstructures of the as-built iron samples were examined
using an optical microscope (OM, model BX60M, Olympus) after
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etching by a 5% Nital reagent (5 ml HNO5 per 100 ml C;HsOH). The
microstructure of the as-received cold rolled (CR) Armco iron sam-
ples (AK Steel, the Netherlands) with high purity (>99.85%) was
examined as a reference material. The average grain size was mea-
sured using the line intercept method.

2.4. Immersion tests

In vitro degradation tests were conducted in revised simulated
body fluid [41] (r-SBF) in open beakers and the beakers were kept
in a stirred thermostatic bath at 37 °C for up to 28 days. To deter-
mine weight changes, samples were taken out of the r-SBF solu-
tion, ultrasonically cleaned with 99% acetone and 96% ethanol for
30 min each, dried at room temperature, and finally weighed using
a balance with an accuracy of 0.1 mg. pH values (accuracy: +0.002,
InLab Expert Pro-ISM, METTLER TOLEDO) of the medium were reg-
istered after 1, 2, 7, 14, and 28 days of in vitro degradation. Fe, Ca,
and P ion concentrations in the solution were analyzed at different
time points using an inductively coupled plasma optical emission
spectroscope (ICP-OES, iCAP 6500 Duo, Thermo Scientific).

2.5. Characterization of degradation products

The morphology and composition of the degradation products
on the surface of the samples after the biodegradation tests were
analyzed at selected time points with a scanning electron micro-
scope equipped with energy-dispersive X-ray spectroscopy (EDS)
(SEM, JSM-IT100, JEOL). In addition to observing the periphery of
the samples, we cut the samples and observed the degradation
products in the center. Phase identification of the degradation
products was performed using an X-ray diffractometer (XRD, Bru-
ker D8 Advance diffractometer in Bragg-Brentano geometry). The
diffractometer was equipped with a graphite monochromator
and Vantec position sensitive detector and operated at 45 kV and
35 mA with a step size of 0.034° and a dwell time of 30 s per step
using Co Ka radiation. In addition, Fourier-transform infrared spec-
troscopy (FTIR) spectra were obtained from a Thermo-Nicolet
Nexus FTIR apparatus equipped with a liquid-nitrogen cooled
MCT-A (mercury-cadmium-telluride) detector and a SAGA grazing
angle accessory at an incident angle of 80°. An infrared background
spectrum was collected on a freshly polished sample prior to the
analysis of the degraded samples. The final spectra were compared
against this background. For each spectrum, 128 scans at a resolu-
tion of 4 cm~! were co-added.

2.6. Electrochemical tests

For electrochemical tests, AM iron samples were mounted in an
epoxy resin and ground with 800 grit SiC sandpaper. The picture of
the sample’s cross section was imported into Image] and the sur-
face area of 0.24 cm? exposed to electrolyte of was measured
through the Analyze Particles option in Image]. Copper screws
were placed inside the resin to make the samples conductive. Elec-
trochemical tests were performed in a 1250/1255 Solartron poten-
tiostat in r-SBF at 37 °C. A three-electrode electrochemical cell was
set up with a platinum mesh as the counter electrode, Ag/AgCl as
the reference electrode, and Fe specimen as the working electrode.
Potentiodynamic polarization (PDP) was applied to test the sample
after 1-day and 28-day immersion. The set-up was first stabilized
for 1 h to reach the open circuit potential (OCP). Then, the polariza-
tion started at an initial potential of —0.3 V below OCP and was
increased to +0.5V above OCP at a scan rate of 0.5 mV/s.
Electrochemical impedance spectroscopy (EIS) was conducted at
different immersion time points (1, 2, 3, 7, 14, 21, and 28 days).

The amplitude of the signal was 10 mV versus OCP over a frequency
range between 100 kHz and 10 mHz for impedance data acquisi-
tion. The CR iron samples with surface area of 0.5 cm? (>99.85%
purity, ARMCO Iron) were also analyzed as a reference material.

2.7. Mechanical characterization

Compression tests were carried out using an Instron machine
with 10 kN load cell at a crosshead speed of 2 mm/min. No lubri-
cation was applied on the compression plates. The mechanical
properties of the as-built, as-polished, and as-degraded AM porous
iron were determined according to ISO 13314:2011 and the quasi-
elastic gradient (hereafter referred to as the elastic modulus) and
yield strength were obtained. Elastic modulus of the porous mate-
rial was determined as the slope of the initial linear part of the
stress-strain curve using linear fitting in Origin software. The initial
linear part of the stress-strain curve was offset by 0.2% and its
intersection with the stress-strain curve was taken to calculate
the yield strength. Stress-strain curves were obtained at different
immersion time points (i.e., 1, 2, 7, 14 and 28 days). The tests were
performed in triplicate per time point and the average values of the
elastic modulus and yield strength were calculated.

2.8. Biocompatibility assessment

2.8.1. Extract preparation

Biocompatibility evaluation was essentially performed as
described before [42]. Briefly, AM iron scaffolds were stored dry
and at ambient temperature to prevent corrosion. Prior to assess-
ing cytotoxicity, scaffolds (@ 10mm x 10 mm, n=5) were
weighed, immersed for 30 min in 100% isopropanol (Merck, Darm-
stadt, Germany) at room temperature, air-dried and subsequently
incubated in Dulbecco’s modified eagle medium (DMEM) with
low glucose (Sigma) supplemented with 10% fetal calf serum
(PAN Biotech) for 72 h under physiological conditions (5% CO,,
20% 05, 95% humidity, 37 °C). Extracts were then prepared accord-
ing to EN ISO standards 10993:5 and 10993:12, respectively, with a
specimen weight to extraction medium ratio of 0.2 g/mL being 1X.
Less concentrated extracts (e.g., 10X) were likewise prepared using
more extraction medium. In parallel, Ti-6Al-4V (ASTM Grade 5)
extracts (1X) were prepared as negative controls [42]. Dimethyl
sulfoxide (DMSO) (20%) was used as positive controls [43]. Prior
to cytotoxicity testing, extracts were sterile filtered using a 0.2
um syringe filter.

2.8.2. Cytotoxicity assays

For indirect cytotoxicity tests, 2,500 MG-63 cells were seeded,
in technical triplicates, per well of a 96-well plate and pre-
cultured for 12 h prior to exchanging DMEM for Fe-extracts. Cell
viability was then tested using MTS assay (CellTiter 96® AQueous
One Solution Cell Proliferation Assay, Promega, G3580) at 0, 24,
48 and 72 h, with unconditioned DMEM as negative control. Prior
to the addition of MTS tetrazolium compound, all media and
extracts were replaced with fresh cell culture medium in order to
prevent any interference of metal extract with the tetrazolium salt.
MTS test was further performed according to manufacturer’s
instructions. Briefly, at respective time points, 20 pL of CellTiter
96® AQueous One Solution Reagent was pipetted into each well
of the 96-well plate containing indicator cells in 100 pL of culture
medium. Plates were incubated at 37 °C for 2 h and the absorbance
was subsequently recorded at 490 nm. Relative cellular activity (X)
was calculated using the following formula:

OD(test)

— 0;
X = OD(negative control) x 100%
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Independently, lactate dehydrogenase (LDH) release into the
medium was quantified as another biomarker for cytotoxicity.
Briefly, MG-63 cells were seeded as described above (see MTS
assay) prior to assessing cytotoxicity using Pierce™ LDH Cytotoxic-
ity Assay Kit (Thermo Scientific, 88954) according to the manufac-
turer’s instructions with spontaneous LDH Activity Controls
(water) and Maximum LDH Activity Controls (10X Lysis Buffer
added 45 min before measurement). At respective time points,
50 uL of each sample was pipetted in replicates with 50 pL of Reac-
tion Mixture into clean 96-well wells prior to incubation at room
temperature for 30 min protected from light. Stop Solution (50
uL) was then added and absorbance was measured at 490 and
680 nm. Relative percentage of LDH activity was calculated accord-
ing to the manufacturer’s description.

2.8.3. Direct cytotoxicity assay

Cytotoxicity was further evaluated using live/dead staining
(Live and Dead Cell Assay kit; Abcam, ab115347), as we described
before [42]. Cells were analyzed using fluorescent microscopy
(KEYENCE; live Emissiongax 495 nm, Excitationg,x 515 nm and
dead Emy,ax 528 nm, Exty.x 617 nm. Per iron (@ 10 mm x 1 mm)
and titanium (@ 15 mm x 1 mm) scaffold, 50,000 and 75,000
MG-63 cells were seeded and incubated for 1 h. Thereafter, 2 ml
of fresh medium was added prior to 24 h incubation in replicates,
after which live/dead staining was performed, as described above.

SEM analyses were performed, as previously described [42].
Briefly, cell-seeded scaffolds were carefully rinsed in phosphate
buffered saline (1X PBS) and fixed for 1h in 3% glutaraldehyde
(Agar Scientific, Wetzlar, Germany) in 0.1 M Sorensen’s phosphate
buffer (Merck, Darmstadt, Germany) at room temperature, fol-
lowed by 10 min dehydration steps in 30, 50, 70, 90 and 100% etha-
nol (last step twice). Samples were then air-dried at room
temperature prior to sputter-coating (Sputter Coater EM SCD500,
Leica, Wetzlar, Germany) with 12.5 nm of gold-palladium and
imaged at 10 kV in SEM (ESEM XL 30 FEG, FEI, Eindhoven, The
Netherlands).

Table 1

Topological characteristics of AM iron scaffolds.
AM iron scaffolds Strut size (um) Pore size (um) Porosity
Design 200 800 80%
Micro CT 249+6 749 £22 77.7 £1%
Weight - - 73.2+0.1%

2.9. Statistical analysis

Optical density data (MTS, LDH) were normalized to respective
controls and relative cytotoxicity was analyzed by two-way
ANOVA (o = 0.05) and post-hoc Tukey’s multiple comparisons test
(o = 0.05) with p < 0.0001, ****; p < 0.001, ***; p < 0.01, **; p <0.05,
*; n.s. = not significant.

3. Results
3.1. Topological and surface characteristics of the scaffolds

The as-built scaffolds had an average strut size of 249 + 6 um
(design value = 200 um) and a pore size of 749 + 22 um (design
value = 800 um) (Table 1). The porosity of the scaffolds was
77.7 £ 1% or 73.2 £ 0.1% respectively, calculated from uCT or weigh-
ing, (Table 1). The reconstructed 3D model from pCT is shown in
Fig. S2. The weighing method was based on the formula: Poros-
ity =1 — (Wiron/Vbuik)/ Piron, Where Wiy, is the weight of the sam-
ple, Vpu the bulk volume of the scaffold and pjson the density of
pure iron. The surface of the as-built sample was relatively smooth
both on the periphery (Supplementary document, Fig. S3a) and in
the center (Supplementary document, Fig. S3c) of the scaffolds.
After chemical polishing, a reduced number of unmelted powder
particles were present on the external struts of the scaffolds (Sup-
plementary document, Fig. S3b), while the struts in the center were
less affected by chemical polishing (Supplementary document,
Fig. S3d). The weight reduction after chemical polishing was
2.2%+0.1%.

3.2. Microstructure of the scaffolds

AM iron had much finer grains with an average size of 12+ 6
pm (Fig. 2a) than CR iron that had an average grain size around
65 +22 um (Fig. 2b). However, the gains of CR Fe iron were more
regularly shaped than those of AM iron (Fig. 2).

3.3. In vitro degradation behavior of the scaffolds

Brownish degradation products appeared on the surface of the
scaffolds on day 1 (Fig. 3a). From day 2 to day 28, the degradation
product layer became thicker and the color became darker
(Fig. 3a). After 28 days, the samples were completely covered by
brownish degradation products (Fig. 3a). At day 28, the iron

Fig. 2. Microstructures of iron samples: (a) AM porous iron and (b) CR iron.
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Fig. 3. In vitro degradation behavior of iron scaffolds: (a) visual inspection of as-degraded scaffolds, (b) weight loss, (¢) pH variation with immersion (error bar invisible before
day 7 because of small deviation), (d) ion concentration variation with immersion time, (e) XRD analysis and (f) FTIR analysis of degradation products.

scaffolds showed a 3.1% weight reduction (Fig. 3b) after sample
cleaning. The pH values of the r-SBF solution increased from 7.4
to 7.8 after 28-day immersion (Fig. 3c). Fe ion concentration
increased from 0.98 to 6.03 mg/L until day 7 (Fig. 3d) and then it
started to decrease at day 14 (Fig. 3d). Ca and P ion concentrations
kept decreasing during the whole immersion test period of 28 days
(Fig. 3d).

3.4. Characterization of degradation products

The degradation products contained iron protoxide (FeO) and
iron carbonate (FeCOs3) (Fig. 3e) according to XRD patterns. How-
ever, the intensity peaks of these degradation products in the
XRD patterns were quite low (Fig. 3e). The FTIR spectra revealed

that carbonates, hydroxides and phosphates were present in the
corrosion layer (Fig. 3f) with characteristic hydroxide-specific
absorption bands at about 3400 cm™' [44], while the peaks at
1750 cm~! and 1000 cm™! likely resulted from CO%~ and PO3-
functional groups, respectively [45,46].

SEM analysis of the external struts showed that, after 1 day
immersion, a thin layer of white degradation products (white in
SEM and brown from visual observation) already adhered to the
surface (Fig. 4a, 1 D). From day 7, groups of shiny white loose
degradation products formed on the strut surface (Fig. 4a, 7D
and 14 D) while they covered almost the whole strut surface at
day 28 (Fig. 4a, 28 D). Different degradation behavior was observed
from center to periphery of the scaffolds (Fig. 4b). The degradation
products at day 7 were thinner and more condensed at the center
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13.4 22.7
49.1 62.2
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38 613
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Fig. 4. SEM and EDS analyses of degradation products from the scaffold periphery to the center: (a) degradation products on the periphery at different immersion time points,
(b) cross section of the scaffolds after 7-day immersion, (c) degradation products in the center and (d) on the periphery after 7-day immersion, (e) degradation products in the
center and (f) on the periphery after 28-day immersion. 1 indicates the spot where EDS analysis was performed.

of the samples (Fig. 4c) while loose and thicker degradation prod-
ucts (Fig. 4d) were formed on the periphery. The degradation prod-
ucts in the center (Fig. 4c, spot 1) and on the periphery (Fig. 4d,
spot 1) all contained C, O, P, Ca, and Fe, with higher P and Ca con-
centrations on the periphery. After 28 days of immersion, the
degradation products in the center had two types of ordered
crystal-like structures, one being spherically shaped and contain-
ing C, O, Ca and Fe (Fig. 4e, spot 1) and the other being feather-
shaped and containing C, O and Fe only (Fig. 4e, spot 2), all without
P. The morphologies of the degradation products on the periphery
exhibited features similar to those observed after 7 days (Fig. 4d).
The compositions were also similar to those observed after 7 days
with increased O and decreased Fe concentrations (Fig. 4f, spot 1).

3.5. Electrochemical behavior

According to the potentiodynamic polarization curves, AM iron
exhibited higher corrosion current densities as compared to CR
iron both at day 1 and at day 28 (Fig. 5a, b), while the OCP values
were similar. The corrosion current density at day 1 was 102.8 =
19.2 yA/cm? and 8.6 + 0.9 uA/cm? for AM iron and CR iron samples
(Fig. 5a), respectively. The corrosion rates, assuming relatively uni-
form corrosion, calculated for AM iron and iron CR specimens
according to ASTMG59 were 1.18 + 0.22 and 0.10 + 0.01 mm)/year,
respectively.

Both AM and CR samples exhibited increases in impedance
modulus values at low and medium frequency from day 1 to 3,
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Fig. 5. Electrochemical performance of AM porous iron in comparison with CR iron: (a) PDP curves after 1-day immersion and (b) after 28-day immersion, (c), (d) Bode
impedance modulus of CR iron (d) and AM porous iron (d), (e),(f) impedance modulus value at (e) low (0.01 Hz) and (f) medium (10 Hz) frequency of samples as a function of

immersion time.

as observable in the Bode impedance modulus diagram (Fig. 5c, d).
The impedance started decreasing from day 7 and remained
decreasing up to day 28 (Fig. 5¢, d). At the same immersion time
points, AM iron samples always showed smaller impedance mod-
ulus values than CR iron samples at both low (|Z|o01n,) and med-
ium frequency (|Z|;0n.) (Fig. Se, f).

3.6. Mechanical properties

Under uniaxial compression, the as-built, as-polished, and
degraded specimens without cleaning exhibited smooth stress-
strain curves (Fig. 6a, b) without sudden drop. The curves all fol-
lowed similar patterns with a linear elastic region at beginning
and a rapidly decreased slope afterwards, followed by a plateau

stage with almost no fluctuations (Fig. 6a, b). The differences in
the elastic modulus and yield strength between the as-built and
as-polished samples were negligible (Fig. 6a). The elastic modulus
decreased after 1-day immersion, but it increased from day 2 and
remained almost unchanged until day 14. Then, it decreased again
at day 28 (Fig. 6¢). From day 1 to day 28, the yield strength
decreased gradually from 23.7 to 22.4 MPa (Fig. 6d).

3.7. Biocompatibility in vitro

Direct cytocompatibility assays (Figs. 7 and 8), employing live-
dead staining and SEM, were relatively hard to quantify, although
clearly only limited numbers of MG-63 appeared to survive direct
exposure to iron scaffolds (Fig. 7). Of note, micrographs (Fig. 8)
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revealed MG-63 cells in intimate contact to the iron scaffold. While
cells developed filopodia-like protrusions on Ti-6Al-4V, a more
condensed cell morphology appeared on eroded iron surface
(Fig. 8d). After 24 h, viable cells (green) were hardly detectable
on iron (Fig. 7), while red fluorescence from the majority of cells
revealed compromised membrane integrity. Live-dead staining
on Ti-6Al-4V scaffolds showed that the vast majority of cells were
viable (green).

LDH assay (Fig. 9a) revealed level O cytotoxicity (i.e., <25% cell
death) for Ti-6Al-4V at all time points, with the largest SD at 72 h.
DMSO was 100% cytotoxic after 72-h incubation. Level 1 cytotoxi-
city was determined for Fe, with increasing levels of cytotoxicity
with increasing extraction time, ranging from 25% after 24 h to just
below 40% after 72 h. As an independent means to assess cytocom-
patibility, cell viability was determined using MTS assay (Fig. 9b):
with Ti-6Al-4V extracts, MG-63 cells were about 100% viable inde-
pendent of the extraction time, with slightly higher SD at longer
time points. MG-63 cells on iron extracts revealed 75% viability
at 24 h, with a decreasing trend with longer incubations; reaching
40% viability for the 72-h extraction.

4. Discussion
4.1. Microstructure

Micro melt pools formed [47] during DMP leads to high cooling
rates (10 to 10® K/s) [48], which results in a non-equilibrium
solidification process and enhances grain refinement. The average
grain size of AM porous iron was more than 5 times smaller than
that of CR iron. Moreover, unlike previously reported AM solid iron
[49,50], the AM porous scaffolds had no elongated grains oriented
in parallel with the building direction. This indicates that the
effects of directional solidification were not as strong as in the case

of solid counterparts, as the struts of the scaffolds were built in a
tilted direction.

4.2. Biodegradation behavior

Based on the PDP results, AM porous iron showed higher values
of corrosion current density as compared to CR iron (with similar
OCP values). The corrosion rate of CR iron after 1day (0.10 £
0.01 mmy/year) was comparable with the values found by others
(0.17-0.24 mm/year) [51,52]. The corrosion rate of AM porous iron
after 1 day was 1.18 mmy/year, which is ~12 times higher than that
of CR iron and also higher than the values found for the iron sam-
ples fabricated using other techniques [53-55] and most of the iron
alloys that have been studied so far [15]. This clearly shows the
advantages of the refined microstructure from AM in increasing
the biodegradation rate of slowly degrading metals such as iron.
It is well known that microstructural features such as texture
and dislocation density may affect the corrosion rate [51]. Particu-
larly relevant here is that the decrease in grain size may contribute
to passive film destabilisation [56]. The specific solidification pro-
cess experienced during AM creates smaller grain sizes that in turn
increase the grain boundary area with defects in the crystal struc-
ture and high internal energy [57]. Grain boundaries of large area
are expected to be more chemically active in a corrosive medium
[52,58].

The Bode impedance diagram showed that the changes of impe-
dance had similar trends for AM and CR iron samples. The impe-
dance modulus values at the low frequency range can provide
information about the charge transfer resistance and separation
processes at the metal surface of the corroding system and the
impedance modulus value changes in the middle frequency range
relate to resistive and capacitive evolutions of a layer on the sur-
face of the substrate, e.g. by growth or (partial) dissolution of a cor-
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Fig. 7. Biocompatibility of AM iron scaffolds in vitro. MG-63 cells on Ti-6Al-4V (a, b) and iron (c, d) scaffolds, respectively. Low magnification fluorescent optical images (FOI)
of cells attached to struts (a, c). Higher magnification of the boxed area of the lattice structure (b, d). Live cells, green; dead cells, red. Scale bars indicate 300 um (a, c) and
30 um (b, d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rosion product layer [59-61]. The increase of the impedance mod-
ulus at low frequency (|Z|po1n,) from day 1 to day 3 relates to
increasing corrosion resistance and could be attributed to the for-
mation of a corrosion product layer at the beginning of the immer-
sion test [46], also shown by the increasing impedance modulus
values in the mid-frequency range (|Z|on.). Then, the impedance
modulus values at both low and mid frequency ranges decreased
at day 7, probably resulting from relatively limited integrity and
protectiveness of the corrosion product layer and hence increasing
corrosion susceptibility of the underlying substrate. At the same
immersion time points, AM iron samples always had lower impe-
dance modulus values (or corrosion resistance) as compared to
CR iron samples, which is in agreement with the results obtained
from the PDP tests and further confirms the increased biodegrada-
tion rate of AM iron as compared to that of CR iron.

The immersion tests of the whole scaffolds showed a 3.1%
weight reduction only after 28 days of immersion. If we normalize
this with respect to a total theoretical surface area of 28 cm?, the
corrosion rate of the scaffolds is only 0.03 mm/year, which is one
order of magnitude lower than the values reported by other
researchers [51-53]. Visual inspection and SEM analysis suggested
that there were different corrosion mechanisms operating from the
periphery to the center of the scaffolds. At the periphery, degrada-
tion took place quite fast, as evidenced by the formation of a
brownish layer after day 1 (Fig. 3a). In the center of the scaffolds,
however, there were no brownish corrosion products even after
28 days. SEM revealed thinner, more adherent crystal-like corro-
sion products formed at the center of the samples with a thickness
that increased with the immersion time (Fig. 4c, e). The degradation

products were, however, loose and irregularly shaped on the
periphery of the samples. EDS showed that the corrosion layer of
external struts contained Ca and P elements (Fig. 4d, f), while no
P element was found in the center of the scaffolds even after 28
days of immersion (Fig. 4e). Combined with ICP results (Fig. 3d),
it was concluded that the Ca and P elements found on the corrosion
layer came from r-SBF. To understand the different degradation
mechanisms better, we inspected the surface morphology of the
degraded struts after ultrasonic cleaning (Fig. 10). It was observed
that r-SBF attacked the struts on the periphery of the samples and
exposed the grains on their surfaces (Fig. 10a, b). The struts in the
center of the samples, however, stayed almost intact (Fig. 10d).
This explains why the normalized degradation rate is much smaller
than the results reported in the literature. The local pH value is
therefore expected to be different from the center to the periphery
of the samples. In static immersion tests, scaffolds may have stag-
nant flow in the center and the diffusion of ions may be hampered.
Gradually formed corrosion products on the outer surface of the
scaffolds may further restrict the diffusion process. In addition,
accumulation of OH™ ions in the center of the scaffolds may lead
to the stabilization of the passive layer formed on the struts.
Another reason for the low weight loss measured here may be
related to the limitations of the weight loss measurement and sam-
ple cleaning. For solid samples, weight loss measurement works
quite well, because it is feasible to remove all the corrosion prod-
ucts with minimum attack to the sample itself. In the case of highly
porous scaffolds, however, it is difficult to remove all the corrosion
products, especially those in the center of the scaffolds. After clean-
ing, there were still corrosion products remaining not only in the
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Fig. 8. Ultrastructural analyses of cell attachment in vitro. MG-63 cells on Ti-6Al-4V (a, b) and iron (c, d), respectively. Lower magnification scanning electron micrographs
(SEM) of scaffold lattice structures (a, c) and higher magnifications (b, d) after seeding. Arrows indicate individual cells. Magnification indicated by scale bar.

center (Fig. 10d) but also on the periphery (Fig. 10c) of the scaf-
folds. The retained corrosion products on the periphery contained
C, O, P, Ca and Fe (Fig. 10c, spot 001). In the center, the sphere-
shaped corrosion products remained, which contained C, O, Fe
and Ca (Fig. 10d. spot 1). As compared to the corrosion products
before cleaning (Fig. 4e), the feather-like corrosion products could
be removed, but the sphere-like structures still remained. Other
researchers used acids or alkalis to remove the corrosion products
[31,62-64], but this would cause extra deduction of the struts of
the porous iron samples, especially on the periphery. ICP-OES anal-
ysis showed even less iron release to r-SBF as compared to the
weight loss measurements, because iron ions participated in the
formation of the corrosion products. That is why iron ion concen-
tration even decreased after day 7.

Based on the reasoning above, it is clear that in addition to the
microstructure and chemical composition, the topology of AM por-
ous scaffolds greatly influences their degradation behavior. Opti-
mizing the topological design of the porous structure could
therefore be an effective measure for adjusting the degradation
behavior of AM porous iron. For example, a larger pore size or a
smaller diameter may further increase the degradation rate of iron
scaffolds.

Moreover, the in vitro test environment affects the degradation
rate as well. The inorganic ion concentrations in the immersion
medium used here (r-SBF) are similar to the blood plasma. Hanks’
solution [65] with higher CI~ and lower HCO3 concentrations tends
to increase the corrosion rate of iron. In addition, other researchers
have reported higher degradation rates of iron in dynamic immer-
sion tests [66]. Furthermore, without CO, control, the bulk pH of

the medium keeps increasing, which could slow down the
biodegradation. Follow-up studies in bioreactors and using other
more complex biodegradation environments may alleviate some
of these limitations. Finally, the degradation behavior of iron scaf-
folds needs to be evaluated in vivo. From the results obtained from
earlier research [27], pure iron pin did not exhibit pronounced
reduction in volume or mass in a rat model. Other researchers
reported noticeable degradation of pure iron stents, while volumi-
nous degradation products formed and remained even after longer
implantation [32,67]. Peuster et al. [30] found that macrophages
carrying iron contributed to the clearance of corrosion products
from the implantation site as the solubility of iron degradation
products in body fluid was low. Since a layer of corrosion products
was also observed from our in vitro immersion tests, it would be of
great interest to perform an in vivo study to compare additively
manufactured iron scaffolds and solid iron in in vivo degradation
behavior.

4.3. Mechanical behavior

The mechanical properties of the AM porous iron specimens
remained within the ranges of the values of mechanical properties
reported for trabecular bone (i.e., E=500-20,000 MPa [68], o), =
0.2-80 MPa [69]) after 28 days of biodegradation. In the case of por-
ous magnesium, which is reported to lose its structural integrity
within a much shorter time, alloying or surface treatment is always
needed [70-73]. In the case of porous iron, however, without any
additional treatments or potentially toxic alloying elements, it has
high mechanical properties, which is a distinct advantage.
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Fig. 9. Cytotoxicity in vitro. Relative cytotoxicity (a) and remaining cellular activity
(b) of MG-63 cells upon exposure to AM iron scaffolds, as measured by LDH and
MTS assay, respectively. Experiments were performed with extracts of randomly
chosen replicate Fe-scaffolds (squares, n = 5) and compared to AM Ti-6Al-4V (balls,
Ti64) scaffolds of the same design (n = 3). Dimethylsulfoxide (DMSO, triangles) and
cell Lysis Buffer (dotted line, set to 100% in (a)) were used as controls. n.s., not
significant; *, p < 0.05; **, p <0.01; ***, p <0.001; ****, p < 0.0001.

Unlike other AM porous structures based on the diamond unit
cell [74,75], the iron scaffolds studied here showed smooth
stress-strain curves during uniaxial compression without fluctua-
tions after the maximum stress. In addition, no sudden failure
occurred and specimens still had a cylindrical shape at a strain of
60% (Fig. 6a inset). These could be explained by the high ductility
of pure iron. Similar behaviors have been observed for other highly
ductile porous materials, such as AM porous structures made from
pure titanium and tantalum [9,11]. After in vitro immersion at
given time points, it appeared that biodegradation has different
influences on the stiffness from the yield strength of porous iron.
It could be related to the different effects of interfacial bonding
[76] (between the degradation products and iron) on the elastic
modulus and yield strength of AM porous iron. Since the elastic
modulus was measured over a narrow range of small strains, lat-
eral dilation was insufficient to cause the interfacial separation
and the load could still be carried by iron and its degradation prod-
ucts. As a result, accumulation of degradation products increased
the elastic modulus of AM porous iron from day 2. After more cor-
rosion occurred on the struts, despite increased amounts of degra-
dation products, the elastic modulus of the scaffolds was also
affected by the strut thickness. After 28 days of immersion, the
elastic modulus of the specimens decreased to a value similar to
that measured at day 1. This could be attributed to the trade-off
between the reduction in the strut thickness and accumulation of

corrosion products. For the yield strength of porous iron, the inter-
facial bonding became important. Load transfer at the interface
between the degradation products and iron might be inefficient
for poorly bonded degradation products, especially at strains close
to the yield point. Then much of the load could not be carried by
the degradation products and yield strength relied on the strength
of the remained iron primarily. As a result, the strength of the
degraded porous structure decreased, although in a small range,
as the biodegradation process progressed.

4.4. Biological evaluation

In order to evaluate the potential of AM porous iron scaffolds for
biomedical applications, we characterized their biocompatibility
by using three different techniques: (i) a direct contact live-dead
staining assay, (ii) visual inspection of attached cells in direct con-
tact with the iron struts using electron micrographs, and (iii) two
independent quantitative indirect cytotoxicity assays.

While SEM analyses (Fig. 8) showed polygonal shaped MG-63
cells in close contact with the iron surface (Fig. 8d; arrows, black)
24 h after seeding, in the magnified fluorescent images of the live-
dead staining (Fig. 7) cells appeared to be more spherically con-
densed (Fig. 7d) on the iron surface as compared to more
polygonal/spindle-shaped cells on Ti-6Al-4V (Fig. 7b) controls.
Moreover, most cells appeared to be alive on Ti-6Al-4V but only
a few on the iron surface from the dual channel images. Although
classification of cell death remains challenging [77], from a mor-
phological point of view, the observed condensation of MG-63 cells
may be indicative of apoptosis, which is characterized by e.g.,
rounding-up, retraction of pseudopods, and a pyknotic cell volume
reduction. The red fluorescence, on the other hand, is indicative of
a loss of plasma membrane integrity and altogether hints towards
a certain iron-mediated toxicity.

Although pure iron showed good biocompatibility during long
time implantation as a biodegradable stent or pin [27,30,78,79],
direct contact cytotoxicity was observed in several in vitro studies
with different type of cells [80,81]. In contrast to the in vitro situ-
ation, released ions can be diluted in vivo and excreted from the
local site into the body so that local concentrations will be dimin-
ished [32]. While in vitro cell seeding was conducted in a culture
dish where released Fe ions can accumulate in a high concentra-
tion. The local Fe ion concentration on the surface of iron sample
can be even higher. Furthermore, in our case, according to the for-
mer electrochemical tests, AM iron sample with fine grain struc-
tures are prone to rapider degradation and release a larger
quantity of Fe ions. The higher Fe ion concentration can promote
the formation of highly reactive oxygen species such as hydroxyl
and superoxide radicals, which were highly toxic due to their rapid
reaction ability with most molecules found in living cell [62]. In
future studies, to better mimic the in vivo condition, bioreactor
with dynamic and perfused environment should be applied to
assess cytotoxicity.

We further employed two indirect contact assays to appreciate
the influences of scaffold degradation products on cell metabolism:
LDH and MTS assays. Compared to direct contact between AM iron
scaffolds to MG-63 cells, the cytocompatibility according to I1SO
10993 was reasonable in in vitro assays for up to 72 h. To better
mimic the in vivo situation in vitro, we applied the latest recom-
mended modification of EN ISO 10993-5 and 10993-12 and used
a 10-times higher extraction ratio [82,83] for iron than the 0.2 g/
mL that was used for Ti-6Al-4V. However, for our AM porous sam-
ple which has a larger surface area, 10-times dilution maybe still
insufficient.

Besides Fe ion concentration, methodological differences or the
used cell type may also play an important role for in vitro cytotox-
icity study as shown by the contradictory results from literatures.
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Fig. 10. SEM and EDS analyses of retained degradation products (28-day immersion) after cleaning: (a) strut morphology at a low magnification, (b) at a high magnification,
(c) retained degradation products on the periphery and (d) in the center of the scaffolds. 1 indicates the spot where EDS analysis was performed.

Several other studies also used MG-63 to assess cytotoxicity of e.g.,
sandblasted 99.5% pure iron foils and observed that the “spreading
behavior” of the cells was inhibited, showing a similar round-shape
morphology [46]. While virtually all MG-63 cells on ‘bare’ iron
revealed a green fluorescence even after 48 h, no live-dead ratio
was calculated. A good in vitro cytocompatibility of 3D printed
iron-manganese scaffolds, compared to tissue culture plastic,
was earlier reported [29]. Interestingly, cell viability in MTT assays
of undiluted short-term extracts was about 45% and surprisingly
80% in undiluted long-term extracts, using mouse calvaria-
derived osteoblast-like MC3T3 cells, while live-dead staining in
direct contact did not show any signs of physiological apoptosis
even in supraconfluent 3-day cultures.

The typical iron concentration of mammalian cell culture
media, like DMEM, is 0.25-3 M [84] and thus substantially lower
than the average 23 M iron in plasma. Increasing iron content in
culture media may also stimulate cell growth [84], as shown for
mouse L-929 fibroblasts [85]. In contrast, toxic effects of iron are
further abundantly reported: in a murine hepatocyte cell line just
25 M FeS0O,4 induced 50% cell death within 3 h [84]. Interestingly,
in neuroblastoma cells, 50% apoptosis occurred at 15 mM iron
and none at 10 mM [86]. A diversity in the response to iron even
between two different studies using the same cells reflects the idea
that minor differences can lead to significant alterations in a cell’s
response to iron [84]. In addition, some contradictions in the
literature may result from the differences in timing - although
most studies used 24-48 h incubations [84]. Future studies should
therefore apply ISO 10993 guidelines, providing sufficiently long
time points (e.g., 24, 48, 72 h), disclose extraction ratios, and
ideally use (more than one) relevant human indicator cells or
cell lines. Finally, in vivo tests are required to investigate

biodegradation and bone tissue response in terms of the iron-
based orthopedic implant.

5. Conclusions

We demonstrated for the first time how DMP could be used to
fabricate topologically ordered porous iron. The scaffolds pre-
sented a precisely controlled topology with fully interconnected
pores. Over a period of 28 days of immersion tests, the elastic
modulus and yield strength of the porous iron decreased insignif-
icantly, i.e., 7% and 5%, respectively. The mechanical properties of
porous iron remained within the values reported for trabecular
bone even after 28 days of biodegradation. Electrochemical tests
showed that the degradation rates of AM porous iron are up to
~12 times higher than those of CR iron. During 28 days of immer-
sion testing, the weight of the porous structures decreased by
3.1%. Different mechanisms were found to determine the
biodegradation behavior on the periphery of the cylindrical scaf-
folds and in their center. This suggests that topological design
plays an important role in adjusting the biodegradation behavior
of AM porous iron. While direct contact between MG-63 cells
and scaffolds revealed instant cytotoxicity in static cell culture,
the cytocompatibility according to ISO 10993 was reasonable in
in vitro assays for up to 72 h. Further systematic in vitro cytotox-
icity study and in vivo implantation of the AM iron is necessary, a
study that will be planned in the near future. Nevertheless, being
the first reported study fabricating iron scaffolds through DMP,
we believe that with appropriate design and bioactive coating
[87], DMP porous Fe-based materials hold potential to become a
new generation of functional and degradable biomaterials for
orthopedic applications.
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