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Keywords:
 Additively manufacturing of porous iron offers a unique opportunity to increase its biodegradation rate by taking ad-
vantage of arbitrarily complex porous structures. Nevertheless, achieving the required biodegradation profile remains
challenging due to the natural passivation of iron that decrease the biodegradation rate. Moreover, the biocompatibil-
ity of iron is reported to be limited. Here, we address both challenges by applying poly(2-ethyl-2-oxazoline) coating to
extrusion-based 3D printed porous iron. We characterized the specimens by performing in vitro biodegradation, elec-
trochemical measurements, time-dependent mechanical tests, and in vitro cytocompatibility assays. The coated porous
iron exhibited a biodegradation rate that was 2.6× higher than that of non-coated counterpart and maintained the
bone-mimicking mechanical properties throughout biodegradation. Despite the formation of dense biodegradation
products, the coating ensured a relatively stable biodegradation (i.e., 17% reduction in the degradation rate between
days 14 and 28) as compared to that of non-coated specimens (i.e., 43%drop). Furthermore, the coating could be iden-
tified even after biodegradation, demonstrating the longevity of the coating. Finally, the coated specimens significantly
increased the viability and supported the attachment and growth of preosteoblasts. Our results demonstrate the great
potential of poly(2-ethyl-2-oxazoline) coating for addressing the multiple challenges associated with the clinical
adoption of porous iron.
Extrusion-based 3D printing
Biodegradable
iron
Scaffold
Bone substitution
Poly(2-ethyl-2-oxazoline) coating
1. Introduction

Over the past decade, iron-based scaffolds have been developed as a
new class of biodegradable materials to fulfil the requirements of tempo-
rary orthopedic implants [1]. Iron and its alloys possess higher mechanical
properties than most of other biodegradable materials, thereby offering the
potential of meeting the requirements for load-bearing applications, in
which physiological loading, biodegradation, and bone regeneration
occur harmoniously [2]. The development of iron-based biomaterials, how-
ever, remains challenging due to their too low rates of biodegradation [3].
The biodegradation process of iron results in the formation of corrosion
products (e.g., iron hydroxides and iron phosphate) that hinder oxygen
transport to iron in the subsurface [4], thereby slowing down the continued
corrosion of iron. The othermajor challenge in the use of iron-based bioma-
terials is their limited cytocompatibility [5]. While several studies have
tried to address the abovementioned challenges [6,7], they remain unre-
solved. Alloying iron with lower standard electrode potential elements is
one of the most widely used strategies [7–9]. Alternatively, adding alloying
6 December 2021; Accepted 13 D
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elements to iron can generate new phases that induce local galvanic corro-
sion and, thus, speed up its corrosion [7,9]. However, such alloying
elements can be even more cytotoxic than iron.

The recent advances in additive manufacturing (AM) techniques, such
as selective laser melting (SLM) [10–12] and extrusion-based 3D printing
[13], have enabled the fabrication of iron-based biomaterials with arbi-
trarily complex hierarchical geometries and fully interconnected pores. A
highly porous structure has much large surface area than its solid counter-
part, favoring accelerated biodegradation of iron. However, this approach
may become less effective over time for iron, as dense passive biodegrada-
tion products gradually form.

Biofunctionalization with polymer or bioceramic coatings is another
strategy to both alter the biodegradation behavior of iron and provide oste-
ogenic properties [14,15]. While the addition of bioceramics induces oste-
ogenic properties, these coatings tend to reduce the biodegradation rate of
iron due to their stable nature [16–19]. Polymer coatings (e.g., based on
polylactic acid (PLA) [20–22], poly(lactic-co-glycolic acid) (PLGA) [23],
polyethylene glycol (PEG) [24], and polyethyleneimine (PEI) [25]) en-
hance the biodegradation of iron too [21–25]. Moreover, these coatings
have been shown to be cytocompatible for various cell types [26–28].

Gradual hydrolyzation of biodegradable polymer coatings (i.e., PLA and
PLGA) creates an acidic environment [24] that accelerates the dissolution
ecember 2021
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of biodegradation products, thereby exposing more bare iron surface to
biodegradation [21–23]. Although PEG is often regarded as a non-
biodegradable polymer, it is known to be sensitive to oxidative degradation
due to its polyether backbone [29]. Indeed, the coating layer should not
biodegrade too quickly in order tomake sure it can foster continuous trans-
port of metallic ions out of the bulk material, while preventing the strong
adhesion of degradation products that would otherwise inhibit further cor-
rosion of iron.

Recently, poly(2-alkyl/aryl-2-oxazoline)-based polymers (PAOx) have
received much attention as PEG alternatives in biomedical applications
[30,31]. Unlike PEG, PAOx possess a tertiary amide backbone, which
makes the polymer highly stable under biologically relevant conditions
[32,33]. Moreover, PAOx are highly versatile, offering a broad range of
end-group and side-chain functionalization possibilities attainable through
copolymerization [30]. Poly(2-ethyl-2-oxazoline) (PEtOx) is the most in-
vestigated PAOxderivative, due to its similar hydrophilicity to PEG and bal-
anced amphiphilicity [31]. PEtOx has demonstrated great potential for
application in tissue regeneration and as the basis of a wide variety of
drug delivery systems [34–36]. However, it has never been applied for
the bio-functionalization of AM porous iron.

We have recently demonstrated how extrusion-based 3D printing can
deliver hierarchical porous iron with much enlarged surface area (to im-
prove their biodegradability) and bone-mimicking mechanical properties
[13]. Here, we combined this fabrication method with PEtOx coatings to
develop multifunctional porous iron scaffolds, which were then thoroughly
characterized by performing in vitro biodegradation experiments, electro-
chemical measurements, time-dependent measurements of mechanical
properties, and in vitro cytocompatibility assays.
2. Materials and methods

2.1. 3D printing of porous iron scaffolds

Porous iron scaffolds with a diameter of ⌀ = 10 mm and a height of
h = 10.5 mm were manufactured using extrusion-based 3D printing,
followed by debinding and sintering, as described in detail elsewhere
[13]. Briefly, an iron ink was prepared using a pure iron powder (Material
Technology Innovations Co. Ltd., China) and a hydroxypropyl methylcellu-
lose (hypromellose, Mw ~ 86 kDa, Sigma Aldrich, Germany) aqueous solu-
tion. The pure iron powder had the following characteristics: purity =
99.88%; morphology = spherical; particle size distribution: D10 = 25.85
μm, D50 = 39.93 μm, and D90 = 53.73 μm. The iron ink was extruded
using a 3D printer (BioScaffolder 3.2, GeSiM Bioinstruments and
Microfluidics, Germany) to create a 0° and 90° alternating pattern with a
strut size of 410 μm and a strut spacing of 400 μm, through which the scaf-
foldswere fabricatedwith a design density of 50%and a design surface area
of 40.4 cm2 (Fig. 1). The 3D printed pure iron scaffolds were subjected to a
debinding process at 350 °C and were sintered at 1200 °C under pure argon
flow in a tube furnace (Carbolite Gero Ltd., UK). The sintered iron scaffolds
were then ultrasonically cleaned in isopropyl alcohol for 15 min prior to
coating. These scaffolds will hereafter be referred to as non-coated iron.
Fig. 1. Illustrations of extrusion-based 3D printing, non-coated iron scaffolds, the process
specimen.

2

2.2. Synthesis and characterization of poly(2-ethyl-2-oxazoline)

We added 2.02 mol of distilled 2-ethyl-2-oxazoline (203.6 mL, Polymer
Chemistry Innovations, Arizona, USA), 300.7 mL ethyl acetate (purity
99.9%, extra dry, Fisher Scientific), and 20.19 mmol of distilled methyl p-
toluenesulfonate (3.055mL, purity 98%, SigmaAldrich) to a 1-L Schott bot-
tle that was equipped with a magnetic stirrer and was sealed in a glovebox
under an inert and dry atmosphere. The polymerizationmixturewas heated
for 21 h at 60 °C in an oil bath, followed by a cool-down step to reach the
room temperature. The polymer was terminated in the glovebox with
22.21 mmol, 9.34 mL tetramethylammonium hydroxide solution (25 wt%
inmethanol) [37]. The reactionwasfiltered and subsequently concentrated
in vacuo. The residue was dissolved in deionized water and was purified by
dialysis in water, followed by freeze-drying to yield (114 g, 57%) a white
solid.

The molar mass (Mn) values of the PEtOx polymer were characterized
using size-exclusion chromatography (SEC, Agilent 1260-series high-
performance liquid chromatography system, USA) and was calculated
against the linear PEtOx standards (Avroxa, Belgium). The dispersity (Ð)
values were calculated against the linear PMMA standard (Polymer Stan-
dard Service). In addition, 1H nuclear magnetic resonance (NMR) analysis
was conducted using a Bruker Avance 400 spectrometer (400 MHz, USA)
to confirm the composition of the PEtOx polymer (Fig. S2).

2.3. Surface biofunctionalization

The PEtOx-OH terminated polymer (purity >95%, Mn, theoretical = 9.9
kDa, Mn, SEC = 9.7 kDa (PEtOx standard calibration), and Ð = 1.10,
Fig. S3) was dissolved in 96% ethanol with a concentration of 10% w/v.
The iron scaffolds were immersed into the PEtOx-OH solution. A vacuum
pressure of 7 kPa was applied for 15 min to infiltrate the polymer into the
open pores of the scaffolds. After that, the scaffolds were dried overnight.
These scaffolds will hereafter be referred to as PEtOx-coated iron (Fig. 1).

2.4. Characterization of the surface-biofunctionalized scaffolds

The morphologies of the non-coated iron and PEtOx-coated iron were
examined using a scanning electron microscope (SEM, JEOL JSM-IT100,
Japan), and both the strut sizes and strut spacings were measured. The
chemical composition of the coating was analyzed using X-ray energy dis-
persive spectroscopy (EDS, JEOL JSM-IT100, Japan). The cross-section of
the PEtOx-coated iron was imaged using the same SEM and the coating
thickness was measured. The regions of interest on the cross-sections of
the struts were determined and the pore area was selected using ImageJ
(NIH, USA). The solid fraction, S, of the struts was calculated as:

S ¼ 1 � Pore area
Total area of ROI

� �
� 100% (1)

In addition, the chemistry of the PEtOx-OH polymer and that of the PEtOx-
coated iron specimen were determined using a Fourier-transform infrared
spectroscope (FTIR, Nicolet iS50 FT-IR, Thermo Scientific, USA) equipped
of coating the porous iron scaffolds in a PEtOx-OH solution, and a PEtOx-coated iron

Image of Fig. 1
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with built-in attenuated total reflection (ATR) and a liquid nitrogen-cooled
mercury‑cadmium-telluride detector. The phase composition of the PEtOx-
coated iron specimen was identified using an X-ray diffractometer (XRD,
Bruker D8 Advance diffractometer in the Bragg-Brentano geometry). The
XRD was equipped with a graphite monochromator and a Lynxeye
position-sensitive detector and operated using Cu Kα radiation at 45 kV
and 40 mA and with a step size of 0.030° and a counting time of 2 s per
step. The X-ray datasets were analyzed using the Diffrac Suite.EVA v5.2
software (Bruker, USA).

2.5. Characterization of the porosity of the scaffolds

The non-coated iron and PEtOx-coated iron scaffolds were weighed to
determine the increase in theirmass due to coating. A dryweighingmethod
was used to obtain the absolute porosity values:

φp ¼ 1 � mp=ρink
Vbulk

� �
� 100% (2)

φs ¼ 1 � ms=ρFe
Vbulk

� �
� 100% (3)

φc ¼ 1 � mc=ρPEtOx � Fe

Vbulk

� �
� 100% (4)

where φ is the absolute porosity [%] andm is the mass [g] of the as printed
(subscript = p), as sintered (subscript = s), and as-coated (subscript = c)
specimens. In addition, ρink is the density of the iron ink (i.e., 4.41
g/cm3), ρFe is the theoretical density of iron (i.e., 7.87 g/cm3), ρPEtOx-Fe is
the density of PEtOx-coated iron scaffold (i.e., 6.41 g/cm3), and Vbulk is
the bulk volume [cm3] of the specimens.

Based on the ASTM standard B963-13 [38], the interconnected porosity
values of the non-coated iron and PEtOx-coated iron scaffolds were deter-
mined as:

φi ¼
ρe
ρo

� mao � ma

mao � meo

� �
� 100% (5)

where φi is the interconnected porosity [%], ρe is the density of ethanol
(i.e., 0.789 g/cm3), ρo is the density of oil (i.e., 0.919 g/cm3), ma is the mass
[g] of the scaffold weighed in air, and mao and meo are the masses [g] of the
specimens impregnatedwith oil andweighed in air and ethanol, respectively.

2.6. In vitro biodegradation characterization

2.6.1. Immersion tests and biodegradation product characterization
The PEtOx-coated iron scaffolds were immersed in the revised simu-

lated body fluid (r-SBF, static environment) whose ion concentrations are
given in Table 1 in comparison with those of the total human blood plasma
[39]. The environmental conditions were as follows: pH= 7.40, tempera-
ture = 37 ± 0.5 °C, 5% CO2, and relative humidity (RH) = 95%. There
was 6.7 mL of medium available for every 1 cm2 of the scaffold surface
Table 1
The ion concentrations of the r-SBF medium in comparison with those of the total
human blood plasma [39].

Ion Concentration (mM)

in total human blood plasma in r-SBF

Na+ 142.0 142.0
K+ 5.0 5.0
Mg2+ 1.5 1.5
Ca2+ 2.5 2.5
Cl− 103.0 103.0
HCO3

− 27.0 27.0
HPO4

2− 1.0 1.0
SO4

2− 0.5 0.5

3

area [40]. The immersion continued uninterrupted for 2, 7, 14, and 28
days (in triplicate). The non-coated iron was included as the control
group. The pH values of the fluid were measured both close to the speci-
mens and far from them using a pH electrode (InLab Expert Pro-ISM,
METTLER TOLEDO, Switzerland). In addition, the concentrations of solu-
ble iron, calcium, and phosphate ions were measured using an inductively
coupled plasma optical emission spectroscope ICP-OES (iCAP 6500 Duo,
Thermo Scientific, USA).

At selected time points (i.e., 7, 14, and 28 d), the morphologies of the
biodegradation products on the periphery of the PEtOx-coated iron were
observed using a SEM (JEOL JSM-IT100, Japan), and the main elemental
compositions of the biodegradation products were determined using EDS
(JEOL JSM-IT100, Japan). The phase compositions of the biodegradation
products of the PEtOx-coated iron after 28 days of immersion were deter-
mined using XRD (D8 Advance, Bruker, USA). To examine the remaining
PEtOx coating layer after 28 days of immersion, the biodegraded scaffolds
were gently shaken during retrieval from the immersionmedium to remove
loosely attached peripheral biodegradation products. The surface of the
scaffolds beneath the peripheral degradation products was investigated
using SEM and EDS. In addition, the biodegraded scaffolds were cut
through a transverse plane at the center of the scaffold, the cross section
was polished, and the biodegradation products formed inside the struts
(i.e., in the micropores between sintered Fe powder particles) were exam-
ined. The remaining solid fraction in the PEtOx-coated iron struts after 28
days of immersion was calculated using ImageJ (NIH, USA) and Eq. (1).

Furthermore, the mass losses of the non-coated iron and PEtOx-coated
iron scaffolds were calculated after the dissolution of the biodegradation
products of the scaffolds in 6 M hydrochloric acid supplemented with
0.025 M hexamethylene tetramine, following the ASTM standard G1-03
[41]. From the mass loss values, the average corrosion rate was calculated,
based on the ASTM standard G31-72 [42], as:

CR mm=year½ � ¼ 8:76� 104 � m
A� t � ρ

(6)

where ρ is the theoretical density of iron (g/cm3), t is the duration of immer-
sion [h], A is the surface area of the scaffold [cm2] calculated based on the
initial scaffold design value, and m is the mass loss [g].

2.6.2. Electrochemical measurements
The electrochemical responses of the PEtOx-coated iron scaffolds dur-

ing biodegradation were measured in r-SBF (temperature = 37 ± 0.5 °C
and pH = 7.40) using a three-electrode setup consisting of an Ag/AgCl
electrode (the reference), a graphite rod (the counter electrode), and the
test specimen (the working electrode) that was connected to a Bio-Logic
SP-200 potentiostat (Bio-Logic Science Instruments, France). The PEtOx-
coated iron specimens (in triplicate, for every time point)were partially em-
bedded in an acrylic resin, were cleaned in isopropyl alcohol, and were
thoroughly dried prior to electrochemical measurements. First, the three-
electrode systemwas stabilized for 60min to reach a steady open circuit po-
tential (OCP). Subsequently, linear polarization resistance (LPR) and elec-
trochemical impedance spectroscopy (EIS) measurements were performed
at various time points till 28 days of immersion. In the LPR tests, a scan
rate of 0.167 mV/s from −25 to +25 mV versus OCP was applied. For
the LPR measurements, the non-coated specimens were included as the
control group. In the EIS tests, a frequency range of 100 kHz to 10 mHz
and a sinusoidal amplitude of 10 mV versus OCP was used. The resulting
Nyquist and Bode curves were plotted and analyzed. The Nyquist imped-
ance data points at low frequencies (i.e., at 0.2 to 0.05 Hz) were linearly ex-
trapolated and the angles between the line and x-axis were determined.

2.7. Mechanical tests

Uniaxial compressive mechanical properties of the PEtOx-coated iron
scaffolds and the specimens retrieved at multiple time points (i.e., after 7,
14, and 28 days of immersion) were determined using a mechanical testing
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machine (100 kN load cell, Zwick Z100, Germany). Displacement-controlled
tests (in triplicate for every time point) were conducted using a crosshead
speed of 3 mm/min, following the ISO standard 13314:2011 [43]. The elas-
ticmoduluswas determined as the slope of thefirst linear region of the stress-
strain curve. The yield strength value was determined as the intersection of
the stress-strain curve with the line representing the 0.2% offset strain,
which was drawn in parallel with the first linear region of the curve.

2.8. Cytocompatibility evaluation

2.8.1. Preculture of cells
Mouse preosteoblasts (MC3T3-E1, Sigma Aldrich, Germany) were

precultured for 7 days in a cell culture incubator with the following condi-
tions: temperature = 37 ± 0.5 °C, RH= 95%, and 5% CO2. A cell culture
medium consisting of the α-minimum essential medium (α-MEM, Thermo
Fisher Scientific, USA) without ascorbic acid but supplemented with 10%
fetal bovine serum (FBS, Thermo Fisher Scientific, USA) and 1% penicil-
lin/streptomycin (p/s, Thermo Fisher Scientific, USA) was used. The
same cell culture medium was used in the preparation of iron extracts
and for the cell culture assays.

2.8.2. Preparation of the iron extracts
The required extracts were obtained from the PEtOx-coated iron scaf-

folds (sizes: ⌀ = 9.75 mm and h = 10.25 mm) after 72 h of incubation
[44] in the cell culture medium, with a sample surface area to the medium
volume ratio of 5 cm2/mL (100% extract). Diluted versions of the extracts
(i.e., 75%, 50%, or 25%) were then prepared by adding the cell culture me-
dium. The concentration of iron ions in the 100% extract was measured
using ICP-OES (iCAP 6500 Duo, Thermo Scientific, USA). Prior to the
tests, the iron extracts were filtered (pore size= 0.22 μm,Merck Millipore,
Germany) and were stored at 4 °C.

2.8.3. Indirect test: PrestoBlue assay
Preosteoblasts MC3T3-E1 (1× 104 cells) were cultured in 200 μL of the

PEtOx-coated iron extract with various degrees of dilution. The PrestoBlue
assay (as described elsewhere [13]) was utilized to evaluate the metabolic
activity of the cells. The preosteoblasts were cultured in 48-well plates and
the tests were conducted in triplicate after 1, 3, and 7 days of culture. The
preosteoblasts cultured in the cell culture medium served as the negative
control. After cell culture, the PrestoBlue reagent (Thermo Fisher Scientific,
USA) was added to the wells and the absorbance values were measured
using a Victor X3 Wallac plate reader (PerkinElmer, USA). The metabolic
activity of the preosteoblasts was calculated as:

Metabolic activity %½ � ¼ Absorbance specimenð Þ
Absorbance negative controlð Þ � 100 (7)

2.8.4. Direct assays: viable cell count and live/dead staining
Preosteoblasts MC3T3-E1 (5 × 104 cells) were seeded onto the PEtOx-

coated iron (sizes: ⌀=9.75 mm and h= 1.3 mm) and were cultured in 6-
well plates with 8 mL of the cell culture medium. The Trypan blue reagent
(Bio-Rad, USA) and cell counting methods (as described elsewhere [13])
were utilized to determine the number of viable cells after cell culture for
1, 4, 7, 14, and 28 days. The non-coated specimens were included as the
control group, and the tests were performed in triplicate at every time
point. After 4, 7, and 14 days of culture, the preosteoblasts were stained
using calcein and ethidium homodimer-1 (Thermo Fisher Scientific,
USA). Furthermore, the morphology of the preosteoblasts present on the
scaffolds was examined with SEM after 14 days of culture.

2.9. Statistical analysis

The statistical analysis was carried out using two-way ANOVA and
Tukey multiple comparison post hoc test for PrestoBlue and Trypan blue as-
says in the cell culture experiments (**** = p < 0.0001, *** = p < 0.001,
** = p < 0.01, and * = p < 0.05, n.s. = not significant).
4

3. Results

3.1. Morphological and chemical characterization of the scaffolds

The extrusion-based 3D printed porous iron scaffolds demonstrated a 0°
and 90° lay-down pattern, essentially replicating the design (Fig. 2a-c).
Their dimensions were 9.75 ± 0.03 mm in diameter and 10.24 ±
0.02 mm in height. Their actual strut size was 411 ± 6 μm with an actual
strut spacing of 399 ± 6 μm and an actual interconnected porosity of
67 ± 2% (Table 2). After PEtOx coating, the porous structure and the
strut geometry of the scaffolds remained almost unchanged (Fig. 2d). A rel-
atively uniform layer of PEtOx coating covered the surface of partially
sintered iron powder particles (Fig. 2e), and contained Fe, C, O, and N
(Fig. 2f). The coating was very thin with a thickness of 2.0 ± 0.5 μm
(Fig. 2g). The dimensions of the coated scaffolds hardly changed, with a di-
ameter of 9.75± 0.02 mm and a height of 10.25± 0.01 mm, but the coat-
ingmoderately altered the strut width and strut spacing to 413± 4 μm and
397± 5 μm, respectively. In addition, the PEtOx-coated iron scaffolds had
a lower interconnected porosity, (i.e., 61± 1%) (Table 2) and an increased
solid fraction (i.e., 94± 4%) than the non-coated iron. The XRD analysis of
the PEtOx-coated iron scaffold revealed the presence of the α‑iron phase,
confirming that the coating process did not induce oxidation and did not af-
fect the purity of the base material (Fig. S1). The FTIR spectrum of the
PEtOx-coated iron scaffolds showed various transmittance bands that are
similar to those of the PEtOx-OH polymer, but with lower intensities
(Fig. 2h). The FTIR valleys at 1061 cm−1, 1194 cm−1, and 1238 cm−1

indicated the presence of CC stretching, while the bands at 1322 cm−1,
1374 cm−1, and 1470 cm−1 indicated the presence of CH bending [45].
The FTIR bands at 1419 cm−1 and 1625 cm−1 were respectively attributed
to CH3 bending and CO (amide) stretching [46]. On the PEtOx-coated iron
scaffolds, the CO (amide) valley was shifted to 1628 cm−1. Moreover, the
transmittance bands at 2874 cm−1, 2939 cm−1 and 2977 cm−1 suggested
the existence of CH2 stretching [45,47]. The OH bonding at 3488 cm−1 on
the PEtOx-OHpolymerwas attributed to the hydroxyl terminated feature of
the polymer. On the other hand, the OH group appeared to be diminished
on the PEtOx-coated iron scaffold.

3.2. In vitro biodegradation characteristics

Yellow-brownish biodegradation products appeared on the periphery of
the PEtOx-coated iron scaffolds after 28 days of static in vitro immersion
(Fig. 3a). At the 2nd day of immersion, the PEtOx-coated iron scaffolds
exhibited a biodegradation rate of 0.32 ± 0.01 mm/y. At the 14th day of
immersion, the biodegradation rate dropped to 0.16 ± 0.04 mm/y. Then,
the rate of biodegradation continued to decline until it reached 0.13 ±
0.02 mm/y at the 28th day of immersion (Fig. 3b). On the other hand,
the biodegradation rate of the non-coated iron specimens were 0.11 ±
0.03 mm/y at the 2nd day of immersion, which declined to 0.09 ±
0.02 mm/y at the 14th day of immersion and further dropped to 0.05 ±
0.03 mm/y at day 28 (Fig. 3b).

Throughout the in vitro biodegradation experiments, the pH values in
the vicinity of the PEtOx-coated iron and the pH values distant from the
scaffolds remained around 7.68 to 7.70, slightly higher than the values
measured for the non-coated iron specimens (i.e., 7.63). As the biodegrada-
tion experiments progressed, iron ions were continuously released to r-SBF
(Fig. 3d). The iron ion concentration from the PEtOx-coated iron scaffolds
was the highest on the 2nd day of immersion (i.e., 2.26 ± 0.30 mg/L),
while the iron ions released from the non-coated scaffolds gradually in-
creased until the 14th day of immersion (i.e., 0.67 ± 0.04 mg/L). Subse-
quently, the iron ion concentrations decreased until day 28 where they
reached 0.11 ± 0.01 mg/L and 0.08 ± 0.05 mg/L for the PEtOx-coated
iron and non-coated specimens, respectively. Meanwhile, the calcium and
phosphate ions present in the immersion medium continuously decreased
with time (Fig. 3e-f). The decrease in the phosphate ions was more pro-
nounced in the case of the non-coated specimens than the PEtOx-coated
iron scaffolds. In the case of the PEtOx-coated iron specimens, themeasured



Fig. 2. The morphologies of (a, b, c) non-coated iron and (d, e, f) PEtOx-coated iron at different magnifications, (g) the cross-section of the PEtOx-coated iron scaffold struts,
and (h) the FTIR graph of the PEtOx-OH polymer and PEtOx-coated porous iron specimens.
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concentrations of phosphate ions were 85.3 ± 2.7 mg/L on day 2, 67.4 ±
1.1mg/L on day 7, 31.7±0.1mg/L on day 14, and 5.2±0.6mg/L on day
28, while the phosphate ions concentrations associatedwith the non-coated
specimens were 67.66 ± 2.3 mg/L on day 2, 32.74 ± 3.0 mg/L on day 7,
10.02 ± 2.2 mg/L on day 14, and 1.2 ± 0.3 mg/L on day 28.
3.3. Characteristics of the biodegradation products

After 28 days of in vitro immersion, the biodegradation products of the
PEtOx-coated iron scaffolds at the periphery were identified as
lepidocrocite (Fig. 3c) and a 78 ± 6% solid fraction of the PEtOx-coated
iron specimens was retained. In addition, Fe and O appeared to be the
main elements in the biodegradation products, along with C, Ca, P, Cl, S,
and Mg (Fig. 4). The biodegradation product layer after 7 days of immer-
sion was less compact than the layer formed at the later time points of im-
mersion (i.e., days 14 and 28, Fig. 4a-c). At the 7th day of immersion
(Fig. 4a), the biodegradation products formed on the PEtOx-coated iron
specimens were dense and granulated with two distinct chemical composi-
tions: one containing C, O, S, Cl, Ca, P, and Fe (Fig. 4d) and the other being
composed of Fe, Ca, P, and O (Fig. 4g). The detection of the latter suggested
the formation of iron/calcium phosphate compounds. On days 14 and 28,
Table 2
Characteristics of the extrusion-based 3Dprinted porous iron and PEtOx-coated iron
scaffolds.

Sample group Strut
width
(μm)

Strut
spacing
(μm)

Absolute
porosity
(%)

Interconnected
porosity (%)

Design 410 400 50 –
Non-coated iron 411 ± 6 399 ± 6 69 ± 1 67 ± 2
PEtOx-coated iron 412 ± 4 398 ± 5 62 ± 1 61 ± 1
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the biodegradation products appeared to be denser (Fig. 4b-c). At a higher
magnification, the morphology of the biodegradation products formed on
the PEtOx-coated iron scaffolds appeared to be granulated with a variety
of very fine porous features (Fig. 4e-f). On days 14 and 28, the chemical
compositions of the biodegradation products (i.e., C, O, Cl, Ca, P and Fe)
were similar to those on day 7 with somewhat increased concentrations
of calcium and phosphorus (Fig. 4h-i).

Underneath the peripheral layer of the biodegradation products
(Fig. 5a-c), the interconnected porous struts of the PEtOx-coated iron scaf-
folds were still clearly discernible. The surface of the interconnected iron
particles was also covered by the biodegradation products. EDS analysis
on the biodegradation products revealed the presence of N together with
C, O, Na, Cl, and Fe (Fig. 5a). The N content (in terms of mass percentage)
was lower than its initial value (Fig. 2f). Interestingly, at different spots, N
was found along with C, O, and Fe (Fig. 5b), corresponding to the same
chemical composition as found in the initial PEtOx coating (Fig. 2f).
Other spots on the periphery of the specimens exhibited biodegradation
products with similar chemical compositions (Fig. 5c). At the center of
the PEtOx-coated iron scaffolds, solid biodegradation products (containing
Fe, Ca, C, and O) were observed in the interconnected micro-pores of the
struts, suggesting the formation of iron/calcium carbonate compounds
(Fig. 5d). However, only Fe and O were detected in the EDS map (Fig. 5e).

3.4. Electrochemical measurements

Over the 28 days of in vitro biodegradation, the OCP value of the PEtOx-
coated iron scaffolds only changed insignificantly (Fig. 6a). The average
OCP value on the 2nd day of immersion was−674 ± 6 mV, which essen-
tially stabilized at−670 ± 21 mV,−671± 28 mV, and−677 ± 38 mV,
respectively, on days 7, 14, and 28. To the contrary, the average OCP value
of the non-coated iron specimens increased significantly throughout the im-
mersion period (Fig. 6a). The OCP values were −696 ± 5 mV on day 2,
−677 ± 5 mV on day 7, −673 ± 1 mV on day 14, and −600 ± 65 mV

Image of Fig. 2


Fig. 3. The in vitro biodegradation of the PEtOx-coated iron scaffolds: (a) visualization of the specimens before and after 28 days of biodegradation, (b) corrosion rate, (c) the
phase compositions of biodegradation products on day 28, and the time-dependent concentrations of (d) iron, (e) calcium, and (f) phosphate ions in the r-SBF solution during
the in vitro biodegradation experiments.
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on day 28. From the LPR tests of the PEtOx-coated iron specimens (Fig. 6b),
the average polarization resistance (Rp) value on the 2nd day of immersion
was 5.0 ± 0.7 kΩ·cm2. Then, the Rp values increased to 5.7 ± 1.1 kΩ·cm2,
6.6 ± 1.2 kΩ.cm2, and 9.2 ± 3.2 kΩ·cm2 on days 7, 14, and 28, respec-
tively. For the non-coated iron specimens (Fig. 6b), the Rp values substan-
tially increased from 3.3 ± 0.8 kΩ·cm2 on day 2 to 29.9 ± 4.8 kΩ·cm2 on
day 28.

The impedance Nyquist plots of the PEtOx-coated iron scaffolds (EIS
measurements) showed two distinct types of electrochemical responses:
while a single semicircle can be observed on day 2 (Fig. 6c), an extra time
constant (semicircle arc) was observed from day 7 to day 28 (Fig. 6d-e).
The linear extrapolation line in the impedanceNyquist in the low frequency
region (i.e., 0.2 to 0.05 Hz) exhibited an angle of 43.4°, 42.7°, 41.7°, 44.8°,
and 41.9° to the x-axis after 2, 7, 14, 21, and 28 d of immersion (Fig. 6c-e).
The impedance magnitudes agreed with the Rp values. At a frequency of
0.01 Hz, the impedance Bode values of the PEtOx-coated iron specimens
were 3.6 ± 0.3 kΩ·cm2, 4.2 ± 0.6 kΩ·cm2, 5.8 ± 0.9 kΩ·cm2, and 7.9 ±
3.3 kΩ·cm2, after 2, 7, 14, and 28 days of immersion, respectively
(Fig. 6f). In the low frequency region (e.g., 0.1 Hz), the Bode phase
angle shifted towards a more positive value, from −38 ± 2° on day 2 to
−22 ± 1° and −15 ± 5°, on days 14 and 28, respectively (Fig. 6g). In
the higher frequency region (e.g., at 10 kHz), however, the phase angle
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moved towards a more negative value from −1.1 ± 0.4° on day 2 to
−17 ± 3° and −34 ± 10° on days 14 and 28, respectively.

3.5. Mechanical properties

The PEtOx-coated iron scaffolds exhibited smooth stress-strain curves
under uniaxial compression even after in vitro biodegradation for 28 d.
The stress-strain curves initiated with a linear elastic region, followed by
a region with a less steep rate of stress increase resembling the plastic
deformation region (Fig. 7a). The PEtOx-coated iron scaffolds were less
ductile after biodegradation with the strain-to-failure dropping from
0.44 ± 0.07% to 0.35 ± 0.05% after 28 days of immersion. In addition,
the PEtOx-coated iron specimens had a yield strength and an elastic modu-
lus of 6.2 ± 0.8 MPa and 0.5 ± 0.09 GPa, respectively. On days 7 and 28,
the yield strengths were 4.9 ± 1.4 MPa and 5.3 ± 1.0 MPa (Fig. 7b).
At the same time points, the elastic moduli were 0.41 ± 0.08 GPa and
0.41 ± 0.06 GPa (Fig. 7b).

3.6. In vitro cytocompatibility

The MC3T3-E1 preosteoblasts cultured in 100% extracts associated
with the PEtOx-coated specimens, containing 105.4 ± 5.7 mg/L iron ion,

Image of Fig. 3


Fig. 4. The morphologies and chemical compositions of the biodegradation products on the periphery of the PEtOx-coated iron scaffolds after (a, d, g) 7, (b, e, h) 14, and
(c, f, i) 28 days in vitro biodegradation. The arrow and number indicate the location of the EDS measurements.
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exhibited a very lowmetabolic activity (i.e., 13±1% to23±3%) through-
out the cell culture period of 7 days (Fig. 8a). The metabolic activity of the
preosteoblasts improved to 43 ± 7% when cultured in 75% extract for 24
h. However, the value dropped to 25 ± 3% after 7 days of cell culture. At
the 50% and 25% extracts, the metabolic activities of the cells were
above 80% at all cell culture time points (Fig. 8a).

In addition, the direct culture of preosteoblasts on the PEtOx-coated
iron scaffolds showed a significant increase in the number of cells after 7
days of culture (p < 0.01), which was maintained over the remaining cul-
ture period (Fig. 8b). The numbers of viable preosteoblasts counted on
Fig. 5. The morphologies and chemical compositions of the biodegradation products of
periphery imaged at different magnifications, (d, e) cross-section at the center, and
locations of the EDS measurements.
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the PEtOx-coated iron scaffolds were higher at all the time points
than those on the non-coated iron scaffolds (i.e., p < 0.01 at day 4 and
p < 0.0001 at the 7th, 14th, and 28th day, Fig. 8b). In agreement
with the cell counting assay, the live/dead staining revealed more
viable (green-stained) cells adhered on the PEtOx-coated iron than
the non-coated scaffolds at all the time points. The number of nonviable
(red-stained) cells on the non-coated iron increased from the 4th day to
the 14th day of cell culture (Fig. 8c-e). However, the preosteoblasts re-
mained viable (green-stained) on the PEtOx-coated iron scaffolds through-
out the 14 days of cell culture period (Fig. 8g-i). On the non-coated
the PEtOx-coated iron scaffolds on day 28: (a, b, c) beneath the dense layer on the
(e) the EDS mapping on the cross-section. The arrows and numbers indicate the

Image of Fig. 4
Image of Fig. 5


Fig. 6.The electrochemicalmeasurements of the PEtOx-coated iron scaffolds during the biodegradation experiments: the evolution of the (a) OCP and (b)Rp valueswith time.
(c, d, e) The Nyquist impedance curves at different time points. (f, g) The Bode impedance plot and phase angle values at different time points. The arrows indicate a specific
frequency of 0.01 Hz. The lines indicate the linear extrapolation of Nyquist impedance at 0.2 to 0.05 Hz.
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specimens, the morphology of the preosteoblasts was rounded and the cells
were covered by particulate biodegradation products after 14 days of cell
culture (Fig. 8f). On the contrary, the cells were spread and developed ex-
tended filopodia on the PEtOx-coated iron surface (Fig. 8j).

4. Discussion

The PEtOx coating applied to extrusion-based 3D printed iron
scaffolds hold great promise, given that they have the potential to improve
various properties of iron-based scaffolds, thereby enabling them to
function as biodegradable bone substitutes. The favorable properties of
Fig. 7.Themechanical properties of the PEtOx-coated iron specimens: (a) stress-strain cu
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PEtOx-coated porous iron include (i) an enhanced in vitro biodegradation
rate (i.e., 0.13 mm/y) that is 2.6 times higher than its non-coated counter-
part, (ii) bone-mimicking mechanical properties [48] with a yield strength
of 5.3–6.2 MPa and an elastic modulus of 0.41–0.46 GPa maintained even
after 28 days of biodegradation, and (iii) enhanced cell viability and cell
adhesion due to the presence of the PEtOx coating.

4.1. PEtOx coating on extrusion-based 3D printed porous iron scaffolds

The biomaterial developed here can be further improved using the
other approaches available in the literature, such as alloying the base
rves. Changes in the (b) yield strength and elasticmoduluswith biodegradation time.

Image of Fig. 6
Image of Fig. 7


Fig. 8. The cytocompatibility of the PEtOx-coated iron scaffolds tested using MC3T3-E1 preosteoblasts: (a) the metabolic activity of the cells cultured with the extracts
retrieved at different time points, (b) the viable cell counts over 28 days of culture. The live/dead staining of (c, d, e) the non-coated iron and (g, h, i) PEtOx-coated iron
specimens after 4, 7, and 14 days of culture, and the typical morphology of the cells cultured in (f) the non-coated iron and (j) PEtOx-coated iron scaffolds (after 14 days
of culture). **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, * = p < 0.05 and n.s.= not significant.
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material prior to coating, fine-tuning the polymer concentration, and the
application of other types of PAOx polymers. We immersed the 3D printed
scaffolds in the polymeric solution, aided by amoderate vacuum. Similar to
the dip coating technique, this is a reliable and straightforward method to
create a thin and uniform layer on a material with a complex porous struc-
ture [49–51]. The use of vacuum was intended to ensure a thorough distri-
bution of the polymer solution inside the open pores of the scaffolds.
Vacuumhas also been shown to improve the interfacial bonding of polymer
and iron [23]. Aided by the negative pressure, the PEtOx polymer formed a
relatively homogenous thin coating layer on the struts of the scaffolds
(Fig. 2d). A relatively dense coating layer was observed on the necking of
the iron powder particles (Fig. 2e-f). This can be attributed to the concave
shape of the necking region that acts like a reservoir, holding extra polymer
solution during the coating process. Importantly, the PEtOx layer on the
surface of the porous iron scaffolds onlymarginally reduced the total poros-
ity and preserved the high pore interconnectivity of the scaffolds (Table 2).

The PEtOx-OH polymer has several functional groups, including ethyl
-CH2-CH3, carbonyl CO (tertiary amide) and a terminal hydroxyl group
(OH) (Fig. 1). The small thickness of the coating meant that the overall in-
tensities of the functional groups were decreasedwhenmeasured on porous
specimens. The valleys in the FTIR graphwere, nevertheless, clearly visible,
save for the diminished hydroxyl group, confirming the presence of the
polymer on the iron surfaces (Fig. 2h). The flattened hydroxyl valleys in
the FTIR graph of the coated scaffold suggested that this moiety partici-
pated in the polymer interaction with the iron surface. Besides that, a slight
shift and decreased signal of the CO amide stretch band also implied that
these amide groups took part in the interfacial bonding of the polymer to
the iron surface [52]. From the FTIR peaks, some of the CO amide and
other functional groups (e.g., -CH2-CH3) were present on the PEtOx-
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coated iron scaffold surface. It is believed that these groups are responsible
for the properties of the coating material. For example, the CO functional
group is known for its hydrophilic behavior while the ethyl -CH2-CH3 func-
tional group behaves more hydrophobically.

4.2. Biodegradation behavior

In general, scaffolds with a higher porosity (or larger surface area) are
expected to degrade faster. That said, the surface of an implanted porous
iron-based biomaterial will most likely be covered by the degradation prod-
ucts, passivating the material to some degree. Altering the surface chemis-
try of iron could be an effective approach to minimizing the adhesion of
the corrosion products and facilitating continued biodegradation. Surface
modification involving polymers has been reported in several studies and
positive effects on the biodegradation behavior of iron-based biomaterials
have been demonstrated [14,15].

The in vitro biodegradability of the PEtOx-coated iron (i.e., 0.13 mm/y
at day 28) was found to be similar to that of cross-rolled pure iron [53],
but higher than SLM porous iron with 59% porosity [54]. The PEtOx coat-
ing increased the in vitro biodegradation rate by 2.6 times relative to the
non-coated scaffolds. The improvement is comparable to that of other po-
rous irons with polymer coatings [23,24]. For example, porous iron coated
with PLGA has been reported to exhibit a biodegradation rate (day 28) that
is 2.3 times higher than that of bare porous iron [23]. In addition, the bio-
degradation rate of a porous iron foam with a 5–15 wt% PEG coating has
been found to be 1.4–2.3 times higher than that of a corresponding bare
iron foam (day 28) [24].

As a result of biodegradation, iron ions were released, which then
interacted with the other ionic compounds present in the r-SBF medium

Image of Fig. 8
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and participated in the formation of the biodegradation products. The
macro-scale morphology of the biodegradation products of the PEtOx-
coated iron (Fig. 4c) appeared to be similar to that of the dense products ob-
served on the surface of the non-coated iron. At the micro-scale, however,
the morphology of the degradation products formed on the surface of the
PEtOx-coated iron scaffolds was clearly porous (Fig. 4g-i), which is dis-
tinctly different from the products formed on the surface of the non-
coated iron (as reported in our previous publication [13]). Such a porous
morphology is believed to influence the biodegradation rate. From day 14
to 28, the in vitro biodegradation rate of the PEtOx-coated iron reduced
only by 17%. During the same period, the biodegradability of the non-
coated specimens decreased by 43%.

In addition to controlling the scaffold degradation rate, the PEtOx coat-
ing altered the chemistry of the iron-based biodegradation products too.
The main phase of the PEtOx-coated iron biodegradation products was
lepidocrocite. Such a phase has been observed on the biodegraded function-
ally graded porous iron [54] as well, resulting from the chemical reactions
described in [55]. Interestingly, no iron phosphate or iron oxide products
were formed on the coated scaffolds, unlike the biodegradation products
on the non-coated specimens (as reported elsewhere [13]). The Fe-based
degradation products containing phosphate have been reported to prevent
corrosion from occurring further [56]. In addition, based on the EDS anal-
ysis, the biodegradation products of the PEtOx-coated iron at 14 and 28
days of in vitro immersion in r-SBF contained a larger variety of elements
than those present on the non-coated iron (as reported elsewhere [13]).
The absence of phosphate-based degradation products and the enriched el-
ements in the chemical compositions of the biodegradation products are
likely the reasons for the reduced passivation of the PEtOx-coated iron.
Moreover, Ca and P precipitates were present at all time points (Fig. 4),
which was not the case for the non-coated specimens. The precipitation
of Ca/P elements correlated with the decreases in the concentrations of
Ca2+ and PO4

3− in the r-SBF (Fig. 3e-f). While Ca ions may be present
both in Ca/P precipitates and in other compounds (e.g., calcium carbon-
ates), we may still assume that all Ca is used for the formation of the Ca/
P precipitates. This simplifying assumption allows us to determine the
Ca/P ratio. On day 7, the Ca/P ratio varied between 0.58 and 2.24. On
days 14 and 28, the range of the determined Ca/P ratios narrowed to
0.26–0.40 and 0.32–0.53, respectively. Although the Ca/P ratios found do
not correspond to the stoichiometry of hydroxyapatite (i.e., Ca/P =
1.67), low Ca/P ratios (e.g., 0.5) are reported to be beneficial for osteoblast
viability, collagen synthesis, and alkaline phosphatase activity [57].

The biodegradation of polymers is known to create an acidic environ-
ment. For example, 7-day biodegradation of iron coatedwith PLGA resulted
in a reduced pH value of 6.87 [23]. However, such a phenomenon was not
observed in our study. The stable pH values around 7.70 during the biodeg-
radation tests were in line with the expected stability of the polymer. From
these, we can infer that the hydrolysis of the PEtOx polymer did not occur at
all or at least to an extent that would affect the local and bulk pH. PAOx
have been reported to be non-biodegradable [33] and to exhibit high stabil-
ity in water [58], while being susceptible to oxidative degradation in the
presence of hydrogen peroxide and transition metal ions that act as cata-
lysts [59]. To the best of our knowledge, however, the degradation of
PEtOx due to the presence of iron ions in a physiologically relevant environ-
ment has not been reported before. It is only known that the degradation
of PEtOx is much slower in a Fe/H2O2 environment than in a Cu/H2O2

environment [60]. Interestingly, the chemical characteristics of PEtOx
(i.e., the N element present in the PEtOx backbone) could still be detected
at several spots beneath the peripheral biodegradation products on the
PEtOx-coated iron scaffolds after 28 days of biodegradation (Fig. 5). This
finding is consistent with the observation that the pH remained relatively
stable throughout the immersion period. In addition, we examined the sur-
face characteristics and chemical composition of the PEtOx thin film after 7
days of immersion in the r-SBF medium (Fig. S4, Table S1). After exposure,
the wt% value of the N element in the film was similar to the value prior to
immersion. It confirmed the non-biodegradability of the polymer and indi-
cated that the PEtOx polymer did not elute to the r-SBFmedium.Moreover,
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the surface of the polymer film contained the Na, Cl, and K elements after
immersion, clearly showing that diffusion of ionic compounds occurred in
the polymer matrix. The absence of Ca/P-based implied that the precipita-
tion only occurred due to the biodegradation of iron. However, no clear in-
terface between PEtOx and iron was observed on the cross-section, likely
because the thin polymer layer is not strong enough to survive the cutting
and polishing processes of the biodegraded specimens. Even if the coating
loses its integrity during the biodegradation process, its remnants may
still assist the biodegradation of iron.

The electrochemical measurements of the PEtOx-coated iron demon-
strated a relatively stable OCP trend over the 28 days of immersion
(Fig. 6a), which was in contrast to the OCP trend of the non-coated iron.
Over the immersion period, theRp values obtained fromLPRmeasurements
of the PEtOx-coated iron scaffoldsmarginally increased but remainedmuch
lower than those of the non-coated pure iron (Fig. 6b). These electrochem-
ical characteristics indicate that the stable PEtOx coating allows the corro-
sion of the porous iron to proceed further. Unlike other types of coatings,
e.g., those made of bioceramics [16–18], the effect of the PEtOx coating
on the porous morphology of the biodegradation products (Fig. 4g-i) led
to the reduced Rp values, thus enabling the sustained biodegradability of
iron over time. The Nyquist plots coated iron specimens exhibited a single
semicircle initially and then an extra time constant arc pattern at later
times of exposure (Fig. 6c-e). As comparison, the Bode and Nyquist imped-
ance of the non-coated iron specimens have been reported elsewhere [13].
Initially, the Nyquist semicircle arc of the PEtOx-coated iron (at day 2) had
amuch larger diameter than that of the non-coated iron. The larger Nyquist
arc diameter indicates a higher polarization resistance value, which can be
due to the presence of the PEtOx coating. This evidence is supported by the
higher Rp value of the PEtOx-coated iron scaffolds during the first 2 days of
immersion (Fig. 6a-b). The occurrence of an extra time constant in the
Nyquist plot indicates active and diffusive biodegradation mechanisms oc-
curring simultaneously with time [61]. The Nyquist impedance in the low
frequency region (at 0.2 to 0.05 Hz) demonstrated a Warburg diffusion
characteristics [62,63], indicated by the angle of the extrapolation line
very close to 45° at all time points (Fig. 6c-e). The Warburg characteristic
strongly suggests the biodegradation mechanism of the PEtOx-coated iron
occurred by ion diffusion through the coating layer [63]. At the later time
points, the Warburg effect was maintained due to the porous morphology
of the biodegradation products of the coated scaffolds. Moreover, The
Nyquist arcs of the PEtOx-coated iron scaffolds (from day 7 to day 28)
had a similar diameter to the Nyquist arc of the non-coated iron on day
14, but were much smaller than the Nyquist arc of the non-coated iron on
day 28. The Bode impedancemodulus values of the PEtOx-coated iron scaf-
folds at 0.01 Hz displayed a similar trend to that of the Rp values, which
were much lower, as compared to the values reported for the non-coated
iron after 28 days of immersion. Altogether, the SEM and EDS analyses of
the degradation products, the longevity of the coating layer, and the elec-
trochemical responses indicate that the PEtOx coating promoted the bio-
degradation of iron largely via a diffusion mechanism through the
polymer layer. The morphology and chemistry of the iron-based biodegra-
dation products were altered due to the coating, thus inhibiting the biodeg-
radation process to a lesser extent than the corresponding bare specimens.
The exact mechanism operating during immersion in r-SBF still needs to be
studied.

4.3. Mechanical properties

The strength and stiffness of biodegradable implants tend to reduce as
the biodegradation progresses. The PEtOx-coated iron possessed bone-
mimicking mechanical properties that fall into the range of the mechanical
properties of trabecular bone (E = 0.02–2.0 GPa and σy = 0.1–30 MPa
[48]). These properties were maintained even after 28 days of in vitro bio-
degradation (Fig. 7). The PEtOx coating layer did not significantly influence
the yield strength and elastic modulus of the as-sintered specimens
(Fig. 7b). During mechanical testing, the mechanical load was transferred
across the iron scaffold as well as the interface between the iron and
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PEtOx coating layer. The PEtOx polymer itself and the modified geometri-
cal parameter (i.e., the increased strut thickness and decreased porosity,
Table 2) did not have any remarkable strengthening effect, which was as-
cribed to the small thickness of the coating layer and the amorphous and
brittle nature of PEtOx [47].

As the biodegradation process progressed, the solid fraction of the scaf-
folds decreased, reducing the overall mechanical properties of the scaffolds.
By day 28, the yield strength and elastic modulus of the PEtOx-coated iron
scaffolds had decreased by 13.8% and 11.3%, respectively (Fig. 7b-c). In
comparison, the mechanical integrity of biodegraded iron foams coated
with PEG is reported to have been deteriorated after 6 weeks of in vitro bio-
degradation, although the biodegradation rate (i.e., 0.04 to 0.06 mm/y)
was lower than that of our PEtOx-coated iron scaffolds [64]. In the current
study, however, the PEtOx-coated iron scaffolds maintained their structural
integrity and a ductility>30% even after 28 days of in vitro biodegradation,
suggesting that the coating did not adversely affect the biodegradation
mechanism (e.g., no severe localized corrosion attack). Such a ductile be-
havior improves resistance of the specimens against fatigue failure [65].

4.4. Cytocompatibility

The cytocompatibility of biodegradable metals strongly depends on the
concentrations of the released metallic ions and the precipitated biodegra-
dation products. The preosteoblasts cultured in the PEtOx-coated iron ex-
tracts (prepared from 72 h incubation) exhibited a very low metabolic
activity (Fig. 8a). It has been reported that 53.2 to 88.5 mg/L of iron ion
concentrations inhibit the preosteoblasts growth by 50% [66]. The iron
ion concentration of the 100% PEtOx-coated iron extract was much higher
than these values. The cytocompatibility level was, therefore, rank 4
(the lowest according to ISO 10993-5 [67]). A high iron ion concentration
induces the formation of more reactive oxygen species, which causes
oxidative stress on cells and tissue [68]. When the extracts were
diluted to 50% or lower concentration, the preosteoblasts became metabo-
lically active (80% or higher), indicating a very mild cytotoxic response
(rank 1) [67].

In the direct cell culture assays, the PEtOx coating significantly en-
hanced the viability and growth of the cells, as revealed by the live/dead
assay, SEM imaging of cell morphology and the cell counts at various cul-
ture times (Fig. 8b-j). These findings indicate that the coating supported
the early response of preosteoblast cells with possible positive effects on
the late cellular functions. When a polymer-coated iron scaffold is intro-
duced to a protein-containing medium, the adsorption of proteins on the
scaffold surface may occur, as observed in the case of PEI-coated iron in
an albumin-containing medium [69]. Protein adsorption on surfaces cre-
ates a conditioned provisional layer favorable for cell attachment and has
been reported to stimulate osteoblast adhesion [70,71]. At the same time,
the released iron ions may interact with the proteins in the medium [72,
73], preventing the precipitation of iron-based degradation products and
thereby maintaining a supportive interface for both cell response and bio-
degradation rate. Our short-term cytocompatibility results are similar to
those available in the literature on polymer-coated iron scaffolds, including
preosteoblasts MC3T3-E1 cultured on PLA-coated iron [20], human skin fi-
broblasts cultured on PLGA-coated iron [23], humandermalfibroblasts cul-
tured on PEG-coated iron [74], and bone marrow stromal cells cultured on
collagen-coated Fe30Mn [75]. To the best knowledge of the authors, in vivo
study on the PEtOx polymer intended specifically for bone tissue regenera-
tion has not yet been reported. Various POx-based polymers have however
been studied in vivowith promising results [31], e.g., for intraocular [76] or
macromolecular antioxidant therapy [77] applications. The in vitro biolog-
ical experiments performed in this research should be first extended further
to assess the osteogenic potential of the coated scaffolds by investigating
cell differentiation, extracellular matrix formation and mineralization,
followed by additional assays to better understand the long-term perfor-
mance of the developed biomaterials and then in vivo studies. Moreover,
the addition of bioactive elements to iron-based biomaterials [78–80] is an-
other suggested avenue for further research. Such additions could yield
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further improvements in the long-term biocompatibility of such biomate-
rials and may be used with or without biofunctional coatings.

5. Conclusions

We developed extrusion-based 3D printed porous iron scaffolds
biofunctionalized with PEtOx polymer coatings and demonstrated their su-
perior performance including an enhanced rate of biodegradation, bone-
mimicking mechanical properties, and significantly enhanced cell viability.
These properties underscore the potential of the developed biomaterials for
application as bone substitutes. In summary, the PEtOx coating promoted
the biodegradation of iron largely via a diffusion mechanism through the
polymer layer. The coating also altered the morphology and chemistry of
the iron-based biodegradation products, i.e., making them porous, and
prevented phosphate-based products from forming. The in vitro biodegrada-
tion rate of the PEtOx-coated iron scaffolds increased by 2.6 times, as com-
pared to their non-coated counterparts, while improving cell viability and
growth simultaneously. In addition, the PEtOx-coated iron maintained its
bone-mimicking mechanical properties throughout the 28 days of the
in vitro biodegradation experiments. Additional (in vivo) experiments are re-
quired for further evaluation of the developed biomaterials prior to clinical
adoption.
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