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ABSTRACT

Absorbable metals have been proposed as potential materials for hard tissue scaffolding to offer both
high mechanical support and bioabsorbability. Over the past 5 years, many works sought evidence of
the interesting mechanical property which mimics to that of human bone with tailored corrosion
behaviour. The emerging additive manufacturing (AM) technology helps to optimise the design
and production of topological porous absorbable metals suited for bone scaffolds. Since the
studies on the porous absorbable metals are on the rise, we provide a current state-of-the-art of
corrosion performances for porous Mg-based and Fe-based scaffolds including recent
developments and the remaining challenges. A detailed discussion on the impacts of advanced
AM and recently developed dynamic-flow corrosion on their in vitro corrosion, mechanical
strengths and biocompatibility are also provided. This review also analyses the suitability of both

ARTICLE HISTORY
Received 11 November 2020
Accepted 18 January 2021

KEYWORDS

Corrosion; porous Mg;
porous Fe; bone; scaffolds;
mechanical integrity;
biocompatibility

metals to be used for bone substitute materials.

Introduction

An ideal tissue-engineered scaffold is a three-dimensional
bioactive and absorbable porous solid structure that plays a
crucial role in assisting tissue regeneration [1]. At a certain
point, when the strength of polymers is insufficient and the
brittleness of ceramics becomes problematic, absorbable
metals offer both strength and ductility [2]. High mechanical
strength endowed by metals renders them a suitable scaffold-
ing material for load transfer without resulting in large defor-
mations and permanent dimensional changes [3]. To date,
iron (Fe), magnesium (Mg), zinc (Zn) and their alloys are
the current types of absorbable metals. The advent of these
metals in biomedical applications has shifted the established
paradigm of metal implants from preventing corrosion to its
direct application. An absorbable metal implant allows the
replacement of biological tissues via physiological extracellu-
lar components without leaving toxic corrosion products [4].
Its corrosion rate can be matched to the rate of new tissue
regeneration to maintain the structural integrity and to pro-
vide a smooth transition of the load transfer from the scaffold
to the tissue.

Figure 1 presents the characteristics of the ideal bone
scaffold. In order for the bone scaffold to assist in tissue
regeneration effectively, it should be able to promote
cell-biomaterial interactions, cell proliferation, adhesion,
growth, migration and differentiation, and permits trans-
portation for nutrients, gases and waste removal for cell
survival. Besides having a high porosity and pore inter-
connectivity, the scaffolds should possess adequate mech-
anical strength and corrode at a rate that is congruent
with tissue healing time. Convenient to be designed and
surface-treated are also included in the ideal properties
of a scaffold.

Over the past 8 years, more works on these new types of
biomaterials have been published. This is demonstrated by
the rapid increase in scientific publication, progressive devel-
opment of standards and launching of the first commercial
products. The emerging additive manufacturing (AM) tech-
nology helps to advance the design and process of topologi-
cal porous metals suited for bone scaffolds and orthopaedic
implants [5]. In the light of the increasing interest on the
porous absorbable metals, we provide a current state-of-
the-art of porous Mg-based and Fe-based scaffolds including
recent developments and the remaining challenges. We also
present the recent status of both metals in advanced AM and
dynamic-flow corrosion and provide a detailed look at how
far did these new parameters affect the corrosion, mechanical
properties and the biocompatibility of both metals in their
porous structure. This review provides an insight into the
current status of porous Mg-based and Fe-based scaffolds
as well as presenting some strategies to cope with the remain-
ing challenges.

Mg corrosion behaviour

Although early applications considered magnesium biocor-
rosion properties as a disadvantage, this metal has a long
history of promising use as an implant material owing to
its weight and mechanical strength [6,7]. Mg and its alloys
are very lightweight metals having density ranging from
1.74 to 2.0 gcm™>, which is less than that of titanium
(Ti) alloys (4.4-4.5 gcm_3) and stainless steel (SS) 316 L
(8.0 g cm™). Interestingly, the weight of Mg and its alloys
is close to that of cortical bone (1.8-2.1g cm™) and can-
cellous bone (1.0-1.4 g cm ™) [8]. Moreover, Mg possesses
appropriate mechanical strength that is close to the cortical
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Figure 1. The characteristics of an ideal bone scaffold.

bone, which reduces the concern on the stress-shielding
effect [9].

Previous studies have shown that Mg and Mg-based alloys
can degrade through corrosion, which emanates from its
standard electrode potential of —2.372V versus normal
hydrogen electrode. It has been known that the corrosion
of Mg-based implants led to an increase in alkalinity and
the release of H, gas [10] due to its swift corrosion rate.
Many attempts have been performed to resist its rapid cor-
rosion encompassing alloying [11-14], porosity controls
[15,16], composite making [17] and surface modifications
[18-20]. Song [21] showed that H, release rate of 0.01 ml
cm ™2 day~" is harmless and tolerable by the body. Although
H, gas is non-toxic, if produced excessively, it can lead to
local tissue displacement [22], decline of rats’ survival rate
[23] and deterioration of the mechanical integrity [24,25].
Yazdimamaghani et al. [26] reported that the uncoated por-
ous Mg scaffolds were degraded entirely after 48 h of immer-
sion while polycaprolactone (PCL)-coated porous Mg
scaffolds still possessed 10-14 MPa compressive strengths.
In short, it can be concluded that the degree of strength
deterioration may be exacerbated if H, gas is produced in
excess and the Mg-based scaffolds present in a highly porous
structure.

Various methods to fabricate porous Mg scaffolds have
been used, including powder metallurgy (PM) with space
holder, infiltration casting, freeze casting, computer numeri-
cal control (CNC) drilling and laser perforation. Neverthe-
less, it is challenging to produce fully interconnected
porous structures through these techniques, particularly
when complex external design and intricate internal archi-
tectures are all desired. Thus, this drives the advent of AM
technique to fabricate porous Mg-based scaffolds with pre-
cise control of the architecture. This has led to the increasing
number of studies performed recently to understand the
relationship between topological features of scaffolds and
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their mechanical properties, biocorrosion and cell-materials
interaction [27-30].

Li et al. [28] used selective laser melting (SLM) technique
to produce topologically ordered porous Mg WE43 alloys
scaffolds. Based on the finding shown in Figure 2, they
suggested that the scaffolds experienced uniform corrosion
at the periphery and a localised corrosion in the centre.
Despite this new finding, the degree to which it affects the
overall corrosion rate of the AM WE43 alloys is still
unknown. Bear in mind that the localised corrosion may
trigger the formation of cracks on the metallic struts.
Table 1 summarises corrosion data of porous Mg-based
scaffolds with their corresponding properties and fabrication
methods.

Fe corrosion behaviour

Iron (Fe) is an important trace element that plays vital roles
in the human body, including cell growth, transport and sto-
rage of oxygen, and reduction of RNA and DNA [43]. Since
Fe was explored as a potential absorbable metal at the start of
the twenty-first century by Peuster et al. [44] via an in vivo
study for coronary stent applications, Fe-based implants
have been intensively studied both in vitro and in vivo
environments to unravel its potential and properties aimed
for temporary medical implantations.

While Mg is lightweight and possesses appropriate mech-
anical strength as an implant material [9], Fe materials are
proven to have better mechanical properties than Mg. The
comparison between these pure metals is presented in
Table 2. One of the primary advantages of Fe materials
over Mg is their superior mechanical strengths making it a
suitable candidate for implants which require a high struc-
tural strength. Besides, Fe also offers excellent ductility and
formability.



312 (&) A H.M.YUSOPETAL.

P
O
~
D

Hydrogen Release (ml/cm ?)
w

SD
51 —Mean

0 1 2 3 8 13 18 200 22 2%

Immersion time (day)

28D

14D

Figure 2. Corrosion findings from AM porous Mg alloys (WE43); (a) Backscattered electron (BSE) image of degradation at the centre of the WE43 scaffolds, (b)
hydrogen release and (c) 3D reconstruction of the degraded scaffolds over corrosion period obtained from micro-CT analysis.

Important for cell functions, about 8-27 mg Fe is required
by the human body daily [45]. Electrochemically, Fe cor-
rodes in a physiological environment producing Fe** ions
[46] which then react with OH™ ions from oxygen (O,)
reduction to form Fe(OH),. The OH™ ions could increase
the local pH [47,48] and the compounds such as Fe(OH)s,
FeCOj; or Fe-phosphates may produce which could precipi-
tate on the Fe surface and in turn impeding the O, transport
onto the Fe surface [49]. The corrosion rate of Fe in physio-
logical environments is considered excessively slow for bior-
esorbable applications [50]. In fact, Fe has the lowest
standard electrode potential of —0.44 V. when compared
with those of Mg (i.e. —2.372 V) and Zn (i.e. —0.76 V) versus
normal hydrogen electrode, implying its slowest corrosion
kinetics among the three members of absorbable metals
members. The extremely low solubility of Fe-based corrosion
products which could act as a dense protective layer hinder
O, diffusion to the Fe surface and thus decelerating the
redox reactions.

Till present, a variety of methods have been attempted to
ameliorate the corrosion rate of Fe-based scaffolds such as
alloying [51-53], surface coatings [47,54-57] and porosity
control [58]. Topologically ordered porous Fe scaffolds
with controllable porosity, pore size and architecture have
been produced through AM fabrication methods such as
SLM method, inkjet 3D printing and binder-jetting 3D print-
ing [48,53,59-63]. The AM porous Fe-based scaffolds fabri-
cated with various types of unit cells, pore size and
porosity are shown in Figure 3. Li et al. [64] demonstrated
that the specific solidification process during the AM process
could produce porous Fe with smaller grain size, thus

increasing the grain boundary area with defects in the crystal
structure and high internal energy. The large grain boundary
areas are expected to be more chemically active in a corrosive
medium [65]. This will lead to a higher corrosion rate of the
porous Fe scaffolds produced.

One of the most recent developments on porous Fe-based
scaffolds is the advent of dynamic-flow corrosion as a new
corrosion testing condition. Recently, Li et al. found that
the corrosion prominently took place both at the periphery
(Figure 4(a)) and in the centre (Figure 4(b)) of the porous
Fe in the dynamic immersion [64] while in the static immer-
sion, the struts in the centre (Figure 4(d)) remained almost
intact [59]. They related this to the fluid flow in the
dynamic-flow immersion. However, based on our review,
we observed that the overall corrosion rate has not expedited
much in the dynamic corrosion, possibly owing to the for-
mation of dense Fe-based oxides products which could coun-
teract the dynamic effect. Table 3 summarises corrosion data
of porous Fe-based scaffolds with their corresponding prop-
erties and fabrication methods.

Corrosion—-porosity relationship

The corrosion rate of porous Mg-based and Fe-based
scaffolds in the function of porosity is summarised in Figure
5. Apparently, porous Mg-based scaffolds show a relatively
higher corrosion rates (0.04-7.92 mm year™') than porous
Fe-based scaffolds counterparts. A noticeable change in cor-
rosion rate was observed when subjected to the dynamic
immersion as the corrosion rates escalate to 4.62-7.41 mm
year™'. Rapid corrosion of Mg, especially in its porous
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Table 1. Corrosion rate data of porous Mg-based scaffolds with their corresponding fabrication methods, corrosion rates and porosity.

Corrosion rate Porosity
Dynamic Hydrogen Total
Fabrication Corrosion  Electrochemical Static immersion immersion evolution porosity  Pore size
Materials methods medium  (mm year™") (mm year™") (mm year™") (mm year™") (%) (um)
Porous Mg alloys  PM 0.9% Nacl 35 - - - 172 -
[31]
Porous Mg alloys ~ PM PBS 74 - - - 172 -
[31]
Porous Mg-Zn [17] PM SBF 33-39x 107 . B - 21-23 200-400
Acm™?
Porous Mg alloys ~ CNC drilling DMEM - 0.6-1.3 - - 25 1000
(EW10X04) coated
with Nd [20]
Porous Mg alloys ~ CNC drilling DMEM 1-1.8 - - 25 1000
(EW10X04) [20]
Porous Mg [32] CNC drilling SBF - - 4.9-7.0 0.45-1.14  30-55 800
Porous Mg coated Titanium wire ~ DMEM - 1.31-1.53 - - 54 243 387
with MgF, [33] space holder
(TWSH)
Porous Mg [34] CNC drilling SBF - - 49-11.2 - 30-55 800
Porous Mg [16] CNC drilling SBF - - 5.8-9.6° - 30-55 800
Porous Mg-Nd-Zn Titanium wire ~ DMEM with - 0.83 200
alloys [12] space holder 10% FBS
(TWSH)
Porous WE43 alloys Titanium wire ~ DMEM with - 1.73 - - - 200
[12] space holder 10% FBS
(TWSH)
Porous AZ31 Mg Laser perforation Hank’s - 1.18 - - - 300
coated with MgF,
[10]
Porous AZ31 alloys Laser perforation Hank's - 1.94 - - - 300
[10]
Porous Mg-Zn-Ca PM Hank’s 1.01-2.86 - - - - -
alloys [14]
Porous Mg-Zn PM SBF 1.47 - - - 23 -
coated with nano
HA [35]
Porous Mg-Ca-Zn- PM SBF 1.11-5.93 - - - 74 400-890
Co [36]
Porous Mg-Ca-Zn- PM SBF - 2.28 - - 74 -
Co [11]
Porous Mg [15] Infiltration DMEM + 0.52- 4.36 - - 68-75 750
casting 10%FBS
Porous Mg-Ca-TiO, PM SBF 210.7 pA cm ™2 - - - 65-67 600-800
(371
Porous Mg alloys  Selective laser  r-SBF + 5% 1.04 - - - 64 -
(WE43) [28] melting (SLM)  FBS
Porous Mg coated PM + spark SBF - - - 0.7 70 220
by HA/(PEI-15% plasma
Si0,) [19] sintering (SPS)
Porous Mg-Al alloys Freeze-casting  E-MEM + 951 pA cm™2 - - - 52 10-100
[13] 10% FBS
Porous Mg alloys  Selective laser  r-SBF - 7.92° - - 65.5 417
(WE43) [27] melting (SLM)
Porous Mg [38] CNC drilling SBF - - 6.3-6.7 30-55 800
Porous Mg/SisN,  Microwave SBF 136 x 107 - - - 457 -
[39] sintering -Acm™?
Porous Mg/Al,0;  Microwave SBF 553 %10 Acm™> - - - 529 -
[39] sintering
Porous Mg-10Zn- PM and space  PBS - 0.13 - - 50 300
4Y alloys [40] holder
Porous Mg coated PM and space  PBS - 0.003 g day™ - - 60 400-600
by MgF, [41] holder
Porous Mg-6Zn  PM and space  Hank’s 6.5-37.4 mg cm~2 day ™" 6.7-52.5 32.3-384.2

alloys [42]

holder

Note: All the corrosion rates data are in mm year’1 unit, unless stated otherwise.

®Open porosity.

BUnder cyclic loading.

structure, is further accelerated due to the fluid flow. These
high corrosion rates signify the severity of the corrosion
experienced by porous Mg in the dynamic condition as it
integrates the environment of fluid movement passing
through cancellous bone.

AM porous WE43 alloys exhibited a satisfactory cor-
rosion rate of 1.04 mm year ' after 4 weeks immersion
despite its very large surface area (i.e. 25.4 cm?). Li et al.

[28] related this satisfactory corrosion rate to the large
grain boundaries from finer microstructure which acted as
a corrosion barrier and could reduce the intensity of micro
galvanic corrosion. However, its corrosion rate substantially
jumped to 7.92 mm year™' after being subjected to cyclic
loading [27]. From our perspective, it is hard for the porous
Mg-based scaffolds to achieve a slower and satisfactory cor-
rosion rate without any modifications such as surface coating
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Table 2. Mechanical properties of pure Fe and Mg.

Tensile Yield
strengths strength Maximum

Metals (MPa) (MPa) elongation (%)
Fe-based: Young’s modulus ~

200 GPa, density ~

78gcm™3
Pure Fe (annealed) 150 200 40
Mg-based: Young's

modulus ~ 45 GPa,

density ~ 1.7 gcm™3
Pure Mg (extruded) 30 100 7

or porosity control. As shown by its rapid corrosion rates in
dynamic flow, the modifications on the porous Mg appear
necessary to avoid the negative effects resulting from the
excessive corrosion.

One of the distinct findings here is that most of porous Fe-
based scaffolds were produced at higher porosity (>80%),
while porous Mg-based scaffolds have been prepared in the
range of 17-76% porosity. Higher strengths of pure Fe
could compensate for the higher porosity produced to ensure
the strengths of the porous Fe scaffolds are within the ranges
of those of cancellous bone. Although being produced in a
higher porosity, the corrosion rates of porous Fe-based
scaffolds do not surpass those of porous Mg-based scaffolds
which are produced at a relatively lower porosity. This can be
explained by Fe’s standard electrode potential which is far
lower than that of pure Mg.

Aside from that, the corrosion rate data also reveal that
the unmodified bare porous pure Fe scaffolds have higher
corrosion rates (0.03-2.25 mm year_l) compared to that of
reported bare non-porous bulk pure Fe counterpart
(0.008-0.242 mm year ') electrochemically [4,77-83]. This

|

signifies the benefit of porous structure in expediting Fe’s
too-slow corrosion kinetics. Further, the AM design of por-
ous Fe has a minimal impact on the escalation of the cor-
rosion rate as some of the AM Fe possess a higher
corrosion rate (1.18-2.25mm year ') than non-AM Fe
even produced at a relatively lower porosity (73-84%) imply-
ing the advantage of larger exposed surface area of the AM
design. Grain refinement following the high cooling rate in
AM techniques could also attribute to this increment due
to the increased amount of grain boundaries [59,84]. Higher
surface reactivity to corrosion is also expected due to the
high cooling rate during the AM process [85]. Nevertheless,
there are some discrepant cases in which some of the cor-
rosion rates of AM porous Fe-based scaffolds (i.e.0.27-
0.85 mm year_l) [64,74] are more or less in the same range
of some of unmodified non-AM porous pure Fe scaffolds
(0.03-0.75 mm year_l) [51,54,68,70,71] at nearly similar
porosity (i.e. 81-89%). Despite having a high pore intercon-
nectivity and permeability besides grain refinement factor
which favour accelerated corrosion, we postulate that the
passivated surface made up of common dense corrosion pro-
ducts on Fe surface could counteract these topological design
and AM factors leading to the mild corrosion kinetics.
Meanwhile, unlike porous Mg-based scaffolds, it has been
observed that the dynamic immersion does not influence the
corrosion rates of porous Fe-based scaffolds much thus far.
In addition, it can be deduced that there was only little
impact of dynamic immersion observed on the corrosion
rates of AM porous Fe scaffolds in comparison to static
immersion. After 28 days of the corrosion period, the
dynamic immersion scaffolds showed a satisfactory cor-
rosion rate of 1.24 mm year™' [64], while similar types of

Figure 3. The AM porous Fe-based scaffolds fabricated with various types of unit cells, pore size and porosity [48,59,60,62,66,67].
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Figure 4. Morphologies of the degraded AM porous Fe scaffolds after cleaning on the (a) periphery and (b) in the centre in dynamic-flow corrosion, (c) periphery

and (d) in the centre in static immersion [59,64].

AM porous Fe had 1.18 mm year™' corrosion rate in static
immersion [59]. The dynamic flow renders the fresh Fe sur-
face to be exposed to the media and this supposedly
enhanced its corrosion rate. However, we postulate that the
extremely slow anodic reaction kinetics of Fe (i.e. substrate
dissolution rate) allows the formation of corrosion products
to counteract the advantage of fresh surface exposure. This
might lead to the mild increase in corrosion rate in dynamic
immersion in comparison to that of static immersion.

Comparing the corrosion rate value at almost similar
porosity and fluid flow rate, the AM porous Fe having
58% porosity showed 0.27 mm year ' after 28 days of
dynamic immersion executed at 0.3 mL min~' flow rate.
Conversely, porous Mg with 55% porosity developed by
Md Saad et al. [34] demonstrated 8.39 mm year_1 corrosion
rate only after 3 days of dynamic immersion at 0.4 mL
min~" flow rate. This obvious difference is inherent to the
rapid nature of Mg corrosion characteristic when compared
with the much slower rate of Fe, which is further exagger-
ated when stimulated by fluid flow environment. From
our view, the flowing SBF could swiftly remove the cor-
rosion products on the porous Mg surface and renders the
fresh Mg surface to be exposed to the media. Owing to
Mg rapid corrosion kinetics, this will accelerate anodic reac-
tion of Mg dissolution leading to the high corrosion rate.
However, this is not exactly the case for porous Fe-based
scaffolds. As the fresh Fe surfaces exposed to the media,
its much slower substrate dissolution rate renders the for-
mation of corrosion products to counteract the advan-
tageous effect of fresh surface exposure. This leads to the
much lower corrosion rate of porous Fe even in dynamic
immersion. In other words, porous Mg with its rapid dissol-
ution rate seems to take a full advantage of the fresh sub-
strate exposure from the dynamic fluid flow across it
while this advantage is partly impeded for porous Fe due
to their slower anodic reaction.

Figure 6 summarises the elastic modulus of porous
absorbable metals with respect to their corrosion rates. An
ideal bone scaffold should have an elastic modulus which is
closer to that of natural bone (0.01-20 GPa) [86]. Referring
to the figure, the dynamic immersion apparently led to the
diminishing of the elasticity of porous Mg scaffolds and to
the acceleration of the corrosion rate despite their lower
as-fabricated porosity when compared with and Fe-based
counterparts.

The production of porous Fe-based scaffolds in a higher
porosity (>80%) considerably deteriorates its elastic modulus
to 0.003-0.2 GPa, even though the porosity is in the range of
cancellous bone’s porosity (40-90%) [86]. Higher porosity
can facilitate tissue growth but at the expense of losing elas-
ticity. Further, the fabrication of porous Fe in topologically
ordered design mildly enhances the elasticity. The AM tech-
niques namely direct metal printing (DMP) and SLM used to
fabricate the topologically ordered porous Fe led to grain
refinement due to the high cooling rate and rapid solidifica-
tion following high energy powder melting which give rise
on the strengths [64,85]. Nevertheless, this AM effect may
be overshadowed by the porosity factor as all the AM porous
Fe have a relatively lower porosity (58%,77% and 84%) than
most of non-AM porous Fe-based scaffolds which possess
more than 88% porosity.

In comparison, porous Fe-based scaffolds with 77% and
58% porosity show elastic modulus of 1.6 and 2 GPa when
subjected to 24 h static and 28 days dynamic immersions,
reducing about 9% and 27% of their initial as-fabricated elas-
ticity, respectively [59,64]. Nevertheless, the post-corrosion
elasticity is in a high range of cancellous bone elasticity
(0.01-2 GPa). Porous Mg-based scaffolds with 30% and
41% porosity show 41% (from 2.2 to 1.3 GPa) and 66%
(from 2.1 to 0.7 GPa) reduction in elasticity, respectively,
only after 3 days of dynamic immersions [32]. The above
findings showed that despite being produced in a relatively
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Table 3. Corrosion rate data of porous Fe scaffolds with their corresponding fabrication methods, corrosion rates and porosity.

Corrosion rate

Porosity
Static Hydrogen Total
Corrosion  Electrochemical immersion Dynamic evolution porosity  Pore size
Materials Fabrication methods medium  (mm year‘1) (mm year"1) immersion (mm year_1) (%) (um)
Porous Fe coated with HA  Polymer space holder  SBF 0.003 - - - 88 450
[68]
Porous Fe Polymer space holder SBF 0.031 - - - 88 450
Porous Fe infiltrated with ~ Polymer space holder ~ PBS 0.72 - - - 88 450
PLGA [69]
Porous Fe [69] Polymer space holder PBS 0.1 0.33 - - 88 450
Porous Fe-Mn-1Ca alloys 3D printing DMEM 0.07 0.14 - - 52° 5
[53]
Porous Fe-Mn alloys[53] 3D printing SBF 0.04 0.03 - - 39? 5
Porous Fe [70] Electroplating pure Fe  Hank's - 0.29 - - 89 800
on a PU template
Fe coated with tungsten (W) Electroplating pure Fe  Hank's - 0.42 - 94 800
[70] on a template
Porous Fe-CNT [71] PM Hank's 0.67 - - - - 800
Porous Fe-Mg [71] PM Hank’s 0.97 - - - - 800
Porous Fe [71] PM Hank’s 0.75 - - - - 800
Porous Fe[51] Polymer replications Hank's 0.44 - - - 89 300-800
and infiltration
casting
Porous Fe-P alloys[51] Polymer replications Hank's 0.27-0.38 - - - 88-89 250-700
and infiltration
casting
Porous Fe [54] Polymer replications ~ Hanks 0.31 - - - 89-93 300-800
and infiltration
casting
Porous Fe coated with PLA/ Polymer replications Hank’s 0.48 - - - 80-85 300-800
HA [54] and infiltration
casting
Porous Fe-30Mn6Si1Pd PM Hank's 0.48 - - - 62.3 8
alloys [72]
Porous Fe [73] Polymer space holder  Modified 87.8 pA cm 2 - - - 90 818
Hanks’
Porous Fe coated with CaP/ Polymer space holder  Modified 8.4-10.9 YA cm™2 - - - 90 818
Ag [73] Hanks’
Porous Fe [59] Additive Revised SBF 1.18 - - - 73 749
manufacturing-Direct
metal printing (DMP)
Pure Fe [47] Polymer space holder  PBS 0.23 - - - 88 450
Porous Fe coated with Polymer space holder  PBS 0.37-0.98 - - - 88 450
curcumin/PLGA [47]
Porous Fe-30 Mn [58] Space holder method  a-MEM 0.14-0.98 0.13-0.38 - - 15-32 -
and PM
Porous Fe [64] Selective laser melting Revised SBF - - 0.27-1.24 - 58-84 506-755
(SLM)
Porous Fe [62] SLM Revised SBF - 0.023-0.148° - - 73 -
Porous Fe [74] 3D printing and SBF 0.85-2.25 - - - 45-81 1170-
microwave sintering 1580
Porous Fe [75] 3D printing and SBF 0.62-1.64 - - - 45-87 -
microwave sintering
Porous Fe-25Mn [66] SLMSLM SBFHank's —0.8 0.23 - - 66.742.6 —400

Porous Fe-35Mn [76]

high elastic modulus and with a low porosity, porous Mg-
based scaffolds encountered a substantial reduction in elas-
ticity even after a few days of corrosion periods. Yazdimama-
ghani et al. [26,87] reported that the uncoated porous Mg
scaffolds were degraded almost entirely after 48 and 96 h
of immersions in a series of corrosion study.

In contrast, porous Fe-based scaffolds which have a rela-
tively higher initial porosity experienced a low reduction in
elasticity even after a more extended corrosion period.
From our view, the aforementioned significant trend is
mainly ascribed to the rapid corrosion pace of porous Mg-
based scaffolds when compared with the much slower rates
of porous Fe. The swift corrosion of Mg will lead to an
intense Mg dissolution which catalyses the Mg weigh loss.
This will deteriorate the strength retention much resulting
into a substantial strength loss. Conversely, the relatively
lower post-corrosion elasticity of porous Fe-based scaffolds

is mainly due to the high fabrication porosity (>85%) consid-
ering that too-slow corrosion pace of these scaffolds will not
considerably diminish the strengths. Thus, we can recapitu-
late here that the strength retention of porous Fe-based
scaffolds is much higher than that of porous Mg-based
scaffolds in the corrosion environment.

As indicated in Figure 7, Zheng et al. [6] suggested that
the mechanical support should be sustained for 12-24
weeks depending on the fracture configuration and location,
status of the adjacent soft tissues and patient characteristics
(e.g. species, age, health status, concurrent injuries/diseases).
Other reports also suggested that the load-bearing orthopae-
dic implants should maintain mechanical integrity over a
timescale of 12-18 weeks while the bone tissue heals [8,88].
We expect that these time frames could be difficult to be
achieved by porous Mg-based scaffolds as they could sub-
stantially lose mechanical integrity only within few days of
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immersion [16,32,87]. On the contrary, the slow corrosion
kinetics of porous Fe-based scaffolds could favour this
requirement as recent reports indicated that their mechanical
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strengths reduced minimally even after 28 days of corrosion
period [47,89].

The cell viability of porous Mg-based scaffolds in the
function of corrosion rate is summarised in Figure 8. It
can be seen that most of the modified porous Mg-based
scaffolds have 70% or higher viability after certain corrosion
periods signifying the positive effect provided by the modifi-
cations on the porous Mg including surface coating, alloying
and composite making. Some of them are able to retain the
good cell viability even after 4 and 7 days of cultivation
[33,90]. These findings are further supported by the viability
results of porous modified Mg-based scaffolds without cor-
rosion rate and viability data, when compared with those
of unmodified porous Mg scaffolds, as shown in Table 4. Fur-
thermore, the data also reveal that the lowest two viability is
shown by the unmodified bare porous Mg-based scaffolds
and this finding may imply the significant impact of modifi-
cations on porous Mg-based scaffolds in enhancing their cell
viability.

Even though the cell viability might differ due to the
different cell lines used, different corrosion periods and
extract concentrations, and medium, the vast reports on
the positive effect of Mg ions on tissue growth including
those of bulk Mg-based implants support these aforemen-
tioned findings. Zhang et al. [91] concluded that the culture
medium environment containing Mg ions is beneficial to cell
proliferation and on that account, the developed porous Mg-
Zn-Ca alloys scaffolds exhibited high osteoblast adhesion
and proliferation. Liu et al. [12] found that the suitable con-
centration of Mg”* and Zn** in medium may contribute to
better proliferation and osteogenic differentiation of porous
Mg-Nd Zn scaffolds, on top of enhanced corrosion resist-
ance factor.

AM porous WE43 scaffolds exhibited a good cell viability
in overall despite the 24 h WE43 extracts revealed cytotox-
icity level 1. Li et al. [28] concluded that the finer grain pro-
duced from the AM technique, passive layer formation and
the protein-containing medium altogether attribute to a sat-
isfactory corrosion rate which, in turn, leading to an appro-
priate concentration of released Mg>". This delicate release of
Mg** provided a favourable environment for the cell growth.
Note that the recommended daily intake (RDI) is suggested
to be a key measure for assessing a material’s biocompatibil-
ity. In fact, the adult’s RDI of Mg (375-700 mg) is much
higher than those of Fe (10-20 mg) and Zn (6.5-15 mg)
and this offers Mg with a high tolerance once implanted in
the human body. This RDI could indicate the higher

years

Figure 7. lllustration of the ideal compromise between mechanical integrity and corrosion of absorbable metals for bone implant [6].
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Figure 8. Cell viability of porous Mg-based scaffolds in the function of cor-
rosion rate. Arrows indicate the changes in the cell viability.

biocompatibility of Mg-based scaffolds when compared with
those Fe-based scaffolds.

Unfortunately, porous Mg is not without its issues. An in
vitro study by Yazdimamaghani et al. [18] indicated that the
rapid corrosion and swift H, evolution of porous Mg
scaffolds affected the cell adhesion. Yu et al. speculated that
the high osmotic pressure generated from the high concen-
tration of Mg>" from porous AZ31 alloys reduced the viabi-
lity of the rBMSC. Further, they found that poor cell
proliferation and bone resorption might be due to local
high concentration of Mg** and high alkalinity from the con-
tinuous excessive corrosion [10]. In this regard, despite vast
reports indicating positive effects of Mg ions on bone cells,
their corrosion products such as Mg-based oxides products
and H, evolution should be controlled so as not to incite
cytotoxicity in the static in vitro test. Considering the nature
of the static and stagnant flow of the in vitro test condition
which involve no dynamic electrolyte flow, we anticipate
that the intensity of the H, evolution could be high in the sys-
tem which could render cytotoxicity and this phenomenon
could be exacerbated due to the highly rapid corrosion
pace of the Mg scaffolds.

Figure 9 shows the cell viability of porous Fe-based
scaffolds with respect to their corrosion rates. One of the
important findings here is the reduction of cell viability
throughout the whole range of the corrosion rate. Accord-
ingly, porous Fe scaffolds with high or low corrosion rates
could experience the declination of the cell viability. Of
note, based on the data presented in Figure 9 and Table 4,
only several studies reported the acceptable viability or cyto-
toxicity level 0 (75%-99%) of unmodified bare porous Fe-
based scaffolds at an extended incubation period as the via-
bility usually deteriorated after 24 h incubation [48,69]. Very
recently, topologically ordered porous Fe scaffolds showed
more than 90% cell viability after 1-day incubation, but it
deteriorates after 3 days incubation and some of the scaffold
groups exhibited cytotoxicity level 2 (<50%) [48]. The similar
diminishing trend was reported by other studies as well
[64,70,71].

Some studies reported an improved viability of porous Fe-
based scaffolds after undergoing modifications such as sur-
face coating, alloying and composite making after a longer

time period [53,67,69,70]. As can be seen from Figure 9
and Table 4, producing AM porous Fe with topologically
ordered structural design did not contribute to the enhance-
ment of cell viability as all three studies reported the signifi-
cant decrease of the viability after a longer corrosion period
due to the high accumulation of Fe ions [48,64,89]. These
AM recent findings imply that the potential cytotoxicity of
Fe-based scaffolds even being fabricated with a high pore
interconnectivity. Accordingly, we opine that the adverse
effect of Fe corrosion products seems to surpass and decline
the advantage of uniform porous structure, high per-
meability and excellent pore interconnectivity of AM
scaffolds in enhancing the cell growth.

Based on the discussed findings, the cytotoxicity of Fe-
based scaffolds could emerge due to two main factors,
namely the excessive release of Fe** and the accumulation
of insoluble Fe-based oxide corrosion products
[48,54,59,64,68,70,71,92]. Additionally, the Fe** which is
free to participate in Fenton chemistry could generate
hydroxyl free-radicals formation and then leading to the oxi-
dative stress in the media [93,94].

Apart from that, we believe that the low bioabsorption of
low-soluble oxides such as Fe,O5; and Fe;O4 could attribute
to this low biocompatibility due to the possible induced tox-
icity. The hardly dissolved corrosion products will remain in
insoluble state for a certain time period and these insoluble
corrosion products have been shown to incite cytotoxicity
[52,95].

In this respect, excessive Fe** release should be controlled
and the formation of insoluble oxide products needs to be
reduced as well. This scenario offers a wide range of research
opportunities in ensuring produced corrosion products do
not exceed the tolerable limit. It has been suggested that a
lower Fe concentration (i.e. <10 ug mL™") may produce the
favourable effect on the metabolic activity of endothelial
cells (ECs) while a very high Fe ion concentration (i.e.
>50 pg mL™") could remarkably reduce it regardless of incu-
bation time [96]. Zhang et al. [97] suggested that Fe ion
which is lower than 75 ug mL™~' may prevent cytotoxicity
on mouse bone marrow stem cells. Fagali et al. [95] con-
cluded that low levels of soluble Fe (~15-30 pg) together
with precipitates yielded to reactive species (RS) production.
All of these limits could be a benchmark to design a porous
Fe-based scaffold without a cytotoxicity potential throughout
the corrosion period.

Concluding remarks and perspective
The need of modifications

Based on the earlier discussion, the modifications on porous
Mg-based and Fe-based scaffolds are necessary to ameliorate
the properties of the scaffolds. Porous Mg-based scaffolds are
mainly modified by surface coating to slow down its exces-
sive corrosion and enhancing strength retention and bio-
compatibility while porous Fe-based scaffolds undergo
surface coating and alloying to accelerate its corrosion pace
and to augment its biocompatibility. From our standpoint,
while the surface coating could enhance the biocompatibility
in a short-term corrosion period, this approach is hard to
escalate the corrosion kinetic of the Fe-based scaffolds due
to the protective nature of the coating materials. The coating
will not last longer since it only develops physical interfacial



Table 4. Summary of in vitro biocompatibility test of porous Mg-based and Fe-based scaffolds.
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Porous scaffolds

Methods

Cells

Significant outcomes

Mg coated by Enoxacin-loaded
PLGA [98]

Mg coated with polymer/
hydrogel/ceramic composite
layer [18]

Mg/Al,03 coated by MgF,-
coated [99]

AZ31 Mg alloys coated by MgF,
[10]

AM Porous Mg (WE43) alloys
[28]

MgF,-coated porous Mg [33]

EW62 (Mg—6%Nd-2%Y-0.5%Zr)
alloys [100]

Mg-Nd-Zn (P-MNZ) alloys [12]

Mg-Zn coated by nano HA [101]

Mg-Zn-Ca alloys [91]

HA/(PEI-SiO,)-coated Mg [102]

AM porous WE43 alloys [28]

Mg10Zn4Y coated with
trimethoxysilane [40]

EW10X04 coated with Nd [20]

Gelatin/rhBMP-2-coated B-TCP/
Mg-Zn composite [90]

Fe, porous Fe-CNT and porous
Fe-Mg [71]

HA-coated porous Fe [68]

Fe and porous Fe-Mg, Fe-CNT
alloys [92]

PLGA-impregnated porous Fe
[69]

Fe coated by Fe-W alloys [70]

Fe-Mn-Ca/Mg alloys [53]

PLA and PLA/HA-coated porous
Fe [54]

Fe-Mn-Si-Pd alloys [72]

Nano HA-coated porous Fe [67]

Iron oxide nanostructured arrays
[103]

AM porous Fe [89]

AM porous Fe [64]

Direct method

Direct method

Direct method

Direct method, extraction
medium culture

Extraction medium culture,
Direct method

Extraction medium culture

Extraction medium culture,
direct method

Extraction medium culture

Extraction medium culture,
direct method

Extraction medium culture

Direct method

Extraction medium culture

Extraction medium culture

Extraction medium culture,
direct method

Extraction medium culture

Direct method,
proliferation by
fluorescence microscopy

Direct method

Direct method

Direct method

Extraction medium culture

Direct method, extraction
medium culture

Direct method

Direct method,
proliferation by
fluorescence microscopy

Direct method

Extraction medium culture

Extraction medium culture,
direct method

Extraction medium culture,
direct method

Mouse embryo fibroblast
(3T3 cells)

Human osteosarcoma cells
(Saos-2)

Murine pre-osteoblastic cells
(MC3T3-E1)

Rat bone marrow-derived
mesenchymal stem cells
(rBMSCs)

Human MG63 osteoblasts

Human MG63 osteoblasts

Osteosarcoma K7M2 wt

Human MG63 osteoblasts
Human MG63 osteosarcoma
Mouse bone marrow stromal

cells (BMSC)

Murine pre-osteoblastic cells
(MC3T3-E1)

MG-63 cells

1929 fibroblast cells

Osteosarcoma K7M2 wt

rBMSC cells

Murine pre-osteoblastic cells
(MC3T3-E1)

Human skin fibroblast cells
(HSF 1184) and hMSC cells

Fibroblast cells

Human skin fibroblast cells
(HSF 1184)

Murine pre-osteoblastic cells
(MC3T3-E1)

Murine osteoblast-like cells
(MC3T3)

Mouse pre-osteoblastic cells
(MC3T3-E1)

Human osteo Saos-2

Rabbit bone marrow
mesenchymal stem cells
(rBMSCs)

Human osteosarcoma cells
(MG-63)

Human osteosarcoma cells
(MG-63)

Human osteosarcoma cells
(MG-63)

The proliferation on the porous Enox-PLGA-Mg samples
increased compared to porous pure Mg. PLGA could neutralise
the alkaline products of Mg degradation

The uncoated Mg scaffolds showed rapid degradation which
affected the cell proliferation. The corrosion resistance
provided by the coating led to a better biocompatibility

Relatively more cells were attached to the MgF,-coated surface
compared to uncoated samples. The dense MgF, coating on
the Mg/Al,05 composites decreased the corrosion rates

MgF, coating retarded the robust release of Mg** which led to
good cell growth and 100% confluence after 7 days of culture

Only day 1 WE43 extracts revealed level 1 cytotoxicity while all
other days’ extracts showed cytotoxicity level 0

MgF, layer reduced the hydrogen release and toxicity response
caused by the initial high corrosion rate of Mg

The cell viability decreased after 24 h incubation due to the
corrosion products and the accumulation of H, gas and
increased after 48 h due to effective passive layer on Mg
surface

P-MNZ showed a lower cytotoxicity and better proliferation
than porous Mg samples due to suitability of Mg®* and Zn**
concentrations

The extracts from coated Mg scaffolds with slower corrosion
rate improved the cell viability and stimulated the cell
proliferation when compared with uncoated Mg scaffolds

The porous alloys scaffolds exhibited higher osteoblast
proliferation compared to Ti controls due to the release Mg
ions

The HA/(PEI-SiO,)-coated porous Mg had better cell affinities
and overall bioactivity than HA-coated porous Mg due to
reduced corrosion of porous Mg

Only 24 h WE43 extracts revealed cytotoxicity level 1 while all
other days’ extracts fulfilled cytotoxicity level 0 requirements

The coated porous Mg10Zn4Y exhibited 95% viability while
uncoated bulk Mg showed a 90% viability. The coating acted
as a protective layer improving the degradation rate

The Nd coating slowed down the corrosion leading to a higher
cell viability. Live cells were observed on coated scaffolds at all
times

The coated scaffolds showed a better proliferation after 4 days
cultivation. The low immunogenicity and good
biocompatibility of gelatin facilitate this favourable effect

All pure Fe, Fe-CNTs and Fe-Mg samples inhibited the cell
viability as the osteoblast cell densities decreased after 3 days
culture due to the excessive accumulation of degradation
products

The excessive Fe ions lowered the HSF cells viability after day
5. Meanwhile, the surface wettability of HA-Fe could support
hMSC cells adhesion

Excessive degradation products resulting from the corrosion
process retarded the cells viability of all the tested samples

PLGA-Fe had higher cell viability compared to bare porous Fe as
PLGA surface provided a favourable microenvironment for cell
proliferation

The pure Fe and 1.5FeW scaffolds with the fastest corrosion
showed a significant decrease in the cell viability due to the
accumulation of Fe ions in the medium

Fe-Mn-1Ca showed more live cells compared to Fe-Mn or Fe-
Mn-Mg samples. The addition of Ca enhanced the
biocompatibility of the Fe-Mn alloys

The pure Fe and PLA/HA-Fe samples showed no sign of toxicity
after 24 h of cultivation. No live cells on pure Fe and PLA/HA-
Fe samples after 48 h of cultivation

The pronounced ion release and poor adhesion of the corrosion
oxide layer resulted into progressive decrease of live cells. The
ions and debris from the corrosion posed a negative effect on
the cells

Cells proliferated well on HA-coated Fe samples compared to
uncoated samples. The reduced Fe ion concentration by HA
coating resulted to enhanced biocompatibility

The high cell viability of the extract samples indicated that the
release of Fe ions concentrations was non-toxic to the MG-63
cells

After 24 h, only a few cells were alive on Fe scaffolds compared
to Ti-6Al-4 V scaffolds. High local accumulation of Fe** ions
could contribute on this low viability

After 24 h, the scaffolds exhibited non-cytotoxic property. Only
after 72 h-extractions, the samples showed a moderate
cytotoxic (i.e. level 2) due to the oxidative stress in the media
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Figure 9. Cell viability of porous Fe-based scaffolds in the function of corrosion
rate. Arrows indicate the changes in the cell viability.

interactions in the forms of weak hydrogen bondings or van
Der Waals forces with Fe or Mg surface. In addition, due to
the hydrophilic characteristic and biodegradable property,
some of the coating materials could deteriorate once they
react with SBF.

Conversely, alloying provides a longer and continuous
corrosion adjustment in vitro since it involves microstruc-
tural alteration which could provide a longer galvanic cor-
rosion effect. Owing to the presence of alloying element in
the solid solution, the corrosion thermodynamic enhance-
ment of the Mg-based and Fe-based alloys could be sustained
in a longer time period. Nevertheless, alloying has a higher
propensity to decline the biocompatibility owing to the
released insoluble corrosion products and ions from the met-
allic alloying elements as well as to the direct cell-metallic
surface interactions. We also postulate that the topologically
ordered design has the ability to substantially expedite the
corrosion rate for a longer corrosion period in vitro due to

the ordered porosity with a very large exposed surface area.
Despite all that, it still could incite early cytotoxicity if the
AM porous scaffolds do not undergo any modifications
due to the direct surface-cells interactions.

Improving porous Mg

While the corrosion rate of most Mg-based implants is faster
than is desired for orthopaedic applications, the opposite
holds for Fe-based implants. Many attempts have been
made to slow down the rapid corrosion of porous Mg
since it severely deteriorates the mechanical integrity.
Although Mg implants in bulk (non-porous) structure
have been clinically studied and even commercialised, com-
mercialising porous Mg scaffolds is a tremendous challenge
as it is hard to maintain an adequate mechanical integrity
throughout the corrosion period, especially when tested in
a dynamic-flow condition, as shown in the elasticity data.

In this regard, further research is needed to improve the
mechanical integrity of Mg-based implants. For instance,
modifications on porous Mg-based scaffolds are necessary
to control its excessive corrosion. While coating could only
retain in a short time period and AM design could exacerbate
the corrosion pace, alloying seems like a promising approach
to enhance its mechanical strength and control the corrosion
for a longer period. For an even better outcome, the alloying
could be coupled with porosity optimisation and surface
coating to further enhance the strength retention as cor-
rosion take its course.

Despite having a rapid corrosion rate, the biocompatibil-
ity of Mg-based scaffolds is considered better than those of
porous Fe-based scaffolds, attributing to the much higher
tolerance and more positive effects of Mg ion on the bone tis-
sues. However, the increase in pH and alkalinity in the sur-
rounding corrosion environment, high H, release and even

Figure 10. Optical fluorescent images for (a) AM Fe scaffolds made of truncated octahedron unit cell structure, (b) AM Fe scaffolds made of cubic shaped unit cell
structure, (c) low-magnification fluorescent optical images of cells attached to AM Fe made of diamond unit cells and (d) higher magnification of the boxed area of

the lattice structure in (c) [48,59].
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Figure 11. Current status of porous Mg-based and Fe-based scaffolds.

excessive Mg>" concentration due to its rapid corrosion will
pose detrimental effects on the cell growth and, therefore,
they should be controlled accordingly. A great deal of
study is always essential to fully evaluate its long-term cor-
rosion-biocompatibility interactions in vivo. Based on the
reviewed findings and the data in Table 4, it is clear that
the porous Mg-based scaffold is highly depending on surface
modifications or coating as evidenced by the corrosion
resistance, biocompatibility and mechanical strengths.
Thus, to overcome these issues, we suggest surface treatment
of porous Mg scaffolds should be performed to control its
excessive corrosion.

Cytotoxicity of porous Fe

Bulk pure Fe is renowned for its higher compressive and ten-
sile strengths as well as for its high fatigue strength, which is
essential in absorbing the natural stresses and loads experi-
enced by the skeletal system [50]. The high strength and
low corrosion rate of Fe provide a higher degree of freedom
to modulate its porous structure for tuning the corrosion rate
and meeting the requirement of the different strength and
flexibility for bone scaffolds. Thus, designing Fe-based in
porous structure form could be advantageous owing to an
enhanced kinetics of corrosion in slow-moving environ-
ments such as hard tissues. The previous elasticity data indi-
cate that the production of porous Fe in a higher porosity
comes at the expense of losing as-fabricated elasticity.
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higher porosity produced
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Corrosion products have a higher
propensity to incite cytotoxicity

Little escalation of corosion rate

Low reduction in elasticity even
after a longer period

® Mildly expedite Fe corrosion rate

® Moderate cytotoxicity at longer
incubation period

Accordingly, an optimised porosity must be sought when
designing and producing porous Fe to attain a balance
between adequate elasticity and expedited corrosion kinetics.
Other than that, the control of released Fe ion concentration
and oxide corrosion products should be a primary direction
for future studies as the issues of cytotoxicity of Fe-based
oxide corrosion products have still persist in the Fe-based
scaffolds. The in vitro cell viability data indicate that the
sign of cytotoxicity of porous Fe-based scaffolds could com-
mence just after 24 h incubation and it could be more sus-
ceptible as the incubation period is prolonged. In this
respect, it is worthwhile to consider controlling and reducing
the high accumulation of the oxide and Fe ions in future in
vitro and in vivo studies. Besides common surface modifi-
cations, the use of chelation chemistry to engage with the
Fe ions in order to modulate the formation of oxide cor-
rosion products are worth to be explored.

Uniform corrosion

Another big challenge in the corrosion aspect is to obtain
uniform corrosion over the entire porous structure. The uni-
form corrosion is vital to ensure a concurrent gradual
scaffold corrosion and an efficient new bone accommodation
while preventing stress concentration and an implant failure.
As per our review, studies focusing on the corrosion uni-
formity of Mg or Fe-based implants are limited [81,104]
and none of them are in porous structure.
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Uniform corrosion involves the continuous shifting of
anode and cathode regions and thus, the corrosion proceeds
at the approximately the same rate over the exposed surface.
From our standpoint, it is hard for the metallic porous struc-
ture to exhibit the uniform corrosion even though Mg has a
more propensity to undergo a more homogenous corrosion
than Fe which is often associated with pitting corrosion
[69,78]. The strut structure with curvy design in random
open-pore porous scaffolds as well as the joints between
the struts for topologically ordered scaffolds tend to be the
crack initiation sources which greatly favour corrosion attack
and thus, could lead to implant failure. In this respect, the
corrosion uniformity should not be overlooked when design-
ing the porous absorbable metals. Optimised architectural
design parameters including the pore size, pore shape, poros-
ity and curvature must be sought to avoid such premature
scaffold failure. For porous Mg-based or Fe-based alloys,
we suggest to develop single-phase alloys rather than
multi-phase alloys to obtain a more uniform corrosion
even though the former will show a higher corrosion resist-
ance due to the declined galvanic corrosion.

Mechanical integrity concern

The elasticity data indicate that the elasticity of porous Mg-
based and Fe-based scaffolds is highly on the porosity. Even
though only elastic modulus data are present in this review
which might not fully reflect the real mechanical perform-
ance of the scaffolds, it could raise a concern regarding
scaffolds’ mechanical integrity over corrosion period. As
the elasticity could deteriorate to 1 GPa when the porosity
approaches 70%, we expect that it is hard to achieve a
sufficient mechanical retention over 12-24 weeks corrosion
period since a higher porosity (>80) is always desired to
enhance bone ingrowth and osseointegration of the implant
after surgery. Based on the data, almost all of porous Mg-
based and Fe-based scaffolds including the AM scaffolds
exhibit lower stiffness than that of human cortical bone (7-
27 GPa) [105]. In regard to this matter, we envisage that it
is sensible to develop them for cancellous bone substitution
rather than for cortical bone which necessitates higher mech-
anical strengths. Nevertheless, mechanical strengths of the
porous metals can be escalated via several approaches. Before
porous structure fabrication, the bulk metal could undergo
strengthening techniques such as work hardening, age hard-
ening and solid solution strengthening [105]. For AM
scaffolds, optimum pore shape, porosity, geometry and
unit cells used should be sought besides improving the AM
processing parameters. If the high porosity is to be slightly
compromised to retain an adequate strength over corrosion
period, we suggest to perform modification on the metal sur-
face via the surface functionalisation to counteract the bio-
compatibility loss.

Surface functionalisation

In order to augment the biocompatibility of porous absorb-
able metals, biochemical surface functionalisation could be
applied on their surface. This involves the immobilisation
of biomolecules that related in bone development and frac-
ture healing such as proteins, peptides or enzymes onto
metallic surfaces to induce and directly control bone tissue
responses at the scaffold-tissue interface. For a better

functionalisation, covalent bonding can be developed
between the biomolecules and the metallic surface to obtain
a much stronger bonding and a long retention. In real
environment, the linked biomolecules need to interact
with the surrounding host tissue for a certain period of
time, and thus a sustained retention promotes a fully acti-
vation of cellular responses. As per our review, there has
been no surface biochemical functionalisation via covalent
bonding performed on porous absorbable metallic scaffolds
for bone scaffolds applications thus far, making it an inter-
esting approach to be further explored. Besides the bio-
chemicals, bioactive elements also could be loaded or
incorporated into the pores to further enhance the
biocompatibility.

Additive manufacturing

Mg-based powders have two main challenges in AM which
are severe evaporation and high chemical reactivity in com-
parison to Fe-based powders. Besides, we are concern
regarding its post-AM mechanical strengths as the elasticity
substantially decreased to only 0.8 GPa. Even though it is still
in the ranges of cancellous bone’s elasticity (0.01-2 GPa), the
AM porous Mg-based scaffolds (porous WE43 alloys) could
suffer from a mechanical failure in a short period due to its
own rapid corrosion attack. This mechanical failure could
be worsened by the high exposed surface area and porosity
provided by the topological design. Based on the reviewed
data, the AM porous Mg alloys had a 20% volume loss
after 4 weeks of corrosion period. It is improbable that the
porous Mg alloys could retain the strengths for the required
12-24 weeks. This substantial strength loss coupled with the
high exposed surface area could be the plausible contributing
factors for the lack of AM studies on porous Mg-based
scaffolds thus far, when compared with AM porous Fe-
based scaffolds. The AM processing mildly enhanced the
elasticity (0.5-2 GPa) and slightly escalated the corrosion
rate of porous Fe. The mechanical strengths of the developed
porous Fe and Mg could be further strengthened by several
ways. Besides alloying and surface coating, optimisation of
AM processing parameters and post-AM heat treatment
could be performed to minimise the internal and defects
such as thermal stresses and microstructural defects
[105,106].

Further, the optimised architectural design including the
unit cell, porosity, pore size, strut thickness, surface pattern,
curvature and permeability [107,108] must be sought to pro-
duce a stable mechanical integrity with a balanced corrosion
pace. Biocompatibility wise, the topological structure of the
AM scaffolds has not directly facilitated the cell viability of
both types of porous absorbable metals as no reports directly
attributed the good cell viability, particularly for porous Mg-
based scaffolds, to the architectural design and high pore
interconnectivity of the AM scaffolds. For AM porous Fe,
despite its slightly escalated corrosion rate, its moderate tox-
icity at longer incubation period as depicted in Figure 10
suggests that the severity of the released corrosion products
particularly excessive Fe** accumulation seems to surpass the
favourable effect of high pore interconnectivity and uniform
porosity provided by the AM Fe scaffolds. Thus, the factor of
topological design on the enhancement of cell viability is
still vague.



Dynamic vs. static immersion

The recent advent of dynamic immersion to characterise and
analyse the corrosion behaviour is a highly beneficial devel-
opment as it could mimic the real physiological environment
in the human body, which involves the mass transfer across
the scaffolds. From the data presented in this review, it can be
seen that the corrosion rate of porous Mg-based scaffolds is
very dependent on the type of experiment, dynamic or static
immersion whereby the corrosion rate of porous Mg is sen-
sitive to dynamic immersion; in other words, corrosion will
be significantly accelerated if carried out under dynamic con-
ditions. Such effect has not been prominently seen for Fe-
based scaffolds due to its much slower anodic dissolution.

The use of common static immersion in corrosion evalu-
ation tends to overestimate the corrosion rate and behaviour
as well as the cytotoxicity effect of the porous scaffolds. The
dynamic immersion could be a pre-requisite assessment to
evaluate the corrosion as it yields a different corrosion
response in comparison to the typical static immersion, as
shown and discussed earlier. The corrosion rate especially
for porous Mg and corrosion mechanism were shown to
be differed between the static and dynamic immersion. The
high sensitivity of porous Mg scaffolds towards the dynamic
immersion could be a big problem since elevated porosity is
often required and, on this account, porosity optimisation
coupled with surface and microstructure alterations are
worth to be considered to avoid scaffold failure both in
mechanical integrity and biocompatibility aspects. For por-
ous Fe, based on the satisfactory corrosion rate achieved in
the short-term dynamic immersion, we suggest that material
modification such as microstructural alteration via alloying
is performed on the scaffold to maintain an adequate cor-
rosion kinetics as the dense oxide corrosion products could
often impede the corrosion progress.

Bioabsorption and biodistribution of the oxide
products

In order to fully utilise the porous absorbable metals in clini-
cal applications, the cellular biodegradation, bioabsorption
and biodistribution of their oxide corrosion products
released in the vicinity of the scaffolding area should be
understood in-depth and clearly described first. Different
Mg-based and Fe-based oxide species and oxide particle
size have different surface potential and surface reactivity.
In this regard, we can anticipate that the bioabsorption, bio-
distribution and clearance of the corrosion products species
could be different. In addition, the size of oxide products
could range from pico to macroscales. We believe that the
oxide products of Mg-based and Fe-based scaffolds with
micro and macro in sizes could be released, given that the
porous structure is made of struts with high pore intercon-
nectivity which are more susceptible to fracture. Bearing in
mind that the surface reactivity of an oxide particle in its
nano-size range differs from its microscale range with
respect to the state of agglomeration, radical formation
potential and cellular toxicity [109]. The smaller the oxide
corrosion particles, the farther the distribution in the tissue
will be [110]. On that account, the reliability and safety of
the absorbable metals in the body considerably rely on the
efficient bioabsorption and biodistribution of their corrosion
products. The bioabsorption and biodistribution of Fe and
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Mg oxide particles as well as their respective ions are already
well described [111-114]. Nevertheless, those of the cor-
rosion products particles which compose of Fe-based or
Mg-based alloys are still vague. We believe that it could be
more complex due to the presence of other metallic elements
in the particles. This abstruse issue could be a future research
direction to unravel more explicitly the bioabsorption and
clearance of these alloy particles and other alloying elements
ions as well.

Chelation of ions

In our view, the chelation chemistry offers a potential sol-
ution to reduce the formation of insoluble oxide products,
given that the oxides are originated from their corresponding
ions. Taking Fe as the case considering its predominant effect
of insoluble corrosion products when compared with Mg
counterparts, suitable Fe chelator which should be biocom-
patible can be used to capture the Fe ions. We believe that
an appropriate design of Fe ions chelation will assist in redu-
cing the formation of dense oxide products since the Fe che-
lation could result in a more soluble complex and enhanced
solubility [115]. In this regard, the formation of dense Fe-
based oxide can be reduced and the precipitation of the
formed complex on the Fe surface also can be minimised
simultaneously. This will escalate the Fe corrosion further
and prevent the partake of Fe in the Fenton reaction and
thus, minimising the generation of free radicals. However,
appropriate amount of the chelators is highly essential to
obtain feasible chelation effects. We opine that the Fe chela-
tion will be inefficient if inadequate chelators are used since
one molecule of chelator could only bind a certain number of
Fe ions while its excessive presence will block the ion’s ability
to catalyse redox reactions. This requires a careful study
coupled with an in-depth knowledge of surface chemistry
and chelation chemistry subjects (Figure 11).

All in all, this review summarised the recent research pro-
gress of porous Mg-based and Fe-based metals for bone
scaffolds application. In short, despite its much higher toler-
ance to bone tissue, its rapid corrosion still persists in porous
Mg-based scaffolds especially in dynamic immersion as the
mechanical integrity could significantly diminish within
few days of corrosion period. Porous Fe achieves a satisfac-
tory corrosion rate via the topologically ordered design
which mildly enhances its elasticity but do not assist in its
biocompatibility at a longer corrosion period. Note that its
corrosion products are still problematic for a better biocom-
patibility. With the present data, it is sensible to develop por-
ous Mg-based and Fe-based scaffolds for cancellous bone
substitution due to their low elasticity which is not adequate
to support the cortical bone. This review provides an insight
into the current status of corrosion of porous Mg-based and
Fe-based scaffolds. Research gaps have been identified, and
future directions have been suggested to address the remain-
ing challenges for the betterment of porous absorbable
metals to serve as a highly efficient bone scaffold.
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