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This study investigates the degradation performance of three Fe-based materials in a growing rat
skeleton over a period of 1 year. Pins of pure Fe and two Fe-based alloys (Fe–10Mn–1Pd and
Fe–21Mn–0.7C–1Pd, in wt.%) were implanted transcortically into the femur of 38 Sprague–Dawley rats
and inspected after 4, 12, 24 and 52 weeks. The assessment was performed by ex vivo microfocus com-
puted tomography, weight-loss determination, surface analysis of the explanted pins and histological
examination. The materials investigated showed signs of degradation; however, the degradation
proceeded rather slowly and no significant differences between the materials were detected. We discuss
these unexpected findings on the basis of fundamental considerations regarding iron corrosion. Dense
layers of degradation products were formed on the implants’ surfaces, and act as barriers against oxygen
transport. For the degradation of iron, however, the presence of oxygen is an indispensable prerequisite.
Its availability is generally a critical factor in bony tissue and rather limited there, i.e. in the vicinity of our
implants. Because of the relatively slow degradation of both pure Fe and the Fe-based alloys, their suit-
ability for bulk temporary implants such as those in osteosynthesis applications appears questionable.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Biodegradable metals have been a subject of extensive research
in recent years, and there is ongoing interest in these materials, not
least because of their increasing number of potential applications
[1–3]. Biodegradable materials are not only highly interesting for
osteosynthesis and coronary devices, but also for degradable
wound closing devices [4], tracheal stents [5] and the treatment
of aneurisms [6]. Their potential is ascribed to the expectation that
a degradable material will reduce the long-term risks and side
effects, such as chronic inflammation, in-stent restenosis or inabil-
ity to adapt to growing tissue, which are normally associated with
permanent implants. Moreover, in the case of osteosynthesis, in
particular, degradable implants require only one surgical interven-
tion and circumvent the need for implant removal. They therefore
contribute to patient comfort and help to reduce medical costs.

In this context, biodegradable Fe alloys are interesting candi-
dates for such applications. The suitability of iron as a degradable
implant material has been verified in preliminary in vivo studies,
in which stents fabricated from pure iron were investigated in
animal models [7–10]. The most important results were that no
local or systemic toxicity, no early restenosis due to thrombotic
processes, and no pronounced inflammation reactions were
observed. The neointimal proliferation was found to be comparable
with that of standard materials such as Co–Cr alloys and stainless
steel 316L. However, the stents remained relatively intact up to
1 year after their placement, implying that their in vivo degrada-
tion rate was too low, and the material’s performance approached
that of permanent implants. Moreover, the mechanical properties
of pure iron are limited and not well suited for implant materials.
Consequently, a material that shows faster in vivo degradation and
better mechanical properties needs to be found.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2014.04.007&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2014.04.007
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This study therefore concentrated on the development of biode-
gradable Fe alloys with increased degradation rate, appropriate
mechanical performance and simultaneous good biocompatibility.
Hermawan et al. [1] presented Fe–Mn alloys with mechanical
properties similar to those of stainless steel 316L and higher
in vitro degradation rates. However, the degradation rate of the
Fe–Mn alloys is still one order of magnitude lower than that of
magnesium alloys (which represent a second class of engineering
materials for degradable implants) and may still be too low for
practical applications. To further extend freedom in alloy design
and to achieve even higher degradation rates, a design strategy
for Fe-based alloys has already been presented [11]. The Fe–Mn–
Pd alloys produced according to this approach feature excellent
mechanical properties, especially high strength (Table 1), and a
degradation rate in in vitro experiments that is higher than those
of pure Fe and Fe–Mn alloys [11]. The high strength values of these
alloys, in particular, enable the realization of slender and filigree
implant designs that are favorable for two reasons: first, they
introduce less material into the body to degrade; and second, their
degradation kinetic—slower than that of Mg alloys—becomes toler-
able because of the smaller implant dimensions.

While the in vitro degradation rate of the Fe–Mn–Pd alloys
exceeds that of pure Fe and Fe–Mn alloys, the in vivo degradation
of these materials has not so far been investigated. Moreover, the
degradation rate of pure Fe implants was not determined in the
course of previous studies. Consequently, the present study aimed
to assess the in vivo degradation of pure Fe and the newly devel-
oped Fe alloys. It used a rat model, where pins were transcortically
implanted into the femur and monitored over a period of 1 year.
Degradation was studied by weighing explanted specimens and
was complemented by determining volume loss based on micro-
focus computed tomography (l-CT) data. Surface analysis and his-
tological sections were also performed on the explanted samples.
2. Materials and method

2.1. Implants

In this study, three different materials were investigated
(alloying content in wt.%): pure Fe (ferromagnetic, Armco quality);
Fe–10Mn–1Pd (ferromagnetic); and Fe–21Mn–0.7C–1Pd (para-
magnetic). Details concerning production and characterization in
terms of microstructure and mechanical performance for
Fe–10Mn–1Pd are given in Ref. [12] and for Fe–21Mn–0.7C–1Pd
in Ref. [13]. The final heat treatment of the alloys investigated here
involved aging of Fe–10Mn–1Pd for 30 h at 500 �C, and aging of
Fe–21Mn–0.7C–1Pd for 10 min at 700 �C. The material had already
been tested in vitro for biocorrosion, blood compatibility and cell
viability [11,14,15]. The implants used for the present in vivo stud-
ies were cylindrical pins of diameter 1.6 mm and length 8 mm.
After machining, these pins were cleaned with pure ethanol in an
ultrasonic bath and dried in warm air. Before operation, they were
weighed, and their pin volume and surface were determined via
Table 1
Strength values of pure Fe and different Fe-based alloys.

Alloy YS (MPa) UTS (MPa) References

Fe (Armco) 230 ± 5 300 ± 5 [13]
316L 290 ± 15 630 ± 5 [13]
Fe–25Mn 361 ± 33 723 ± 19 [28]
Fe–35Mn 234 ± 7 428 ± 7 [28]
Fe–10Mn–1Pd 1076 ± 6 1198 ± 42 [29]
Fe–21Mn–0.7C–1Pd 1095 ± 35 1320 ± 15 [13]

YS, yield strength; UTS, ultimate tensile strength.
high-resolution lCT scans over a period of 52 weeks. Preopera-
tively, all pins were sterilized by gamma radiation.

2.2. Experimental design

Rats were housed in groups of four in clear plastic cages on
standard bedding. Water and a standard pellet diet were given
ad libitum. The Austrian Ministry of Science and Research autho-
rized the animal experiments (accreditation number BMWF-
66.010/0087-II/3b/2011), which were all conducted under animal
ethical conditions.

Thirty-eight 5 week old male Sprague–Dawley rats with body
weights of 140–160 g were used in this study. Of these, 36 under-
went lCT scans, and two were subject to histological
examinations.

To check the correct pin position, a lCT investigation was per-
formed within 1 week after operation. At four prearranged time
points (4 weeks, 12 weeks, 24 weeks and 52 weeks after pin
implantation), ex vivo high-resolution lCT scans were also per-
formed. For this purpose, the 36 rats intended for the lCT scans
were separated randomly into three groups (n = 12 each). Under
general anesthesia, each rat had two identical pins of the same
alloy implanted into its distal femoral bones. Thus there were three
rats (six femoral bones) per alloy group (n = 3) and time point post
implantation (n = 4) for the radiological assessment.

Two 5 week old rats were used for histological investigations.
Histological slices were investigated at the 36th week and limited
to pure Fe pins.

2.3. Surgical procedure and postoperative treatment

Under general anesthesia, the pins were implanted into the
femoral mid-diaphyseal region of the rats, as reported in a previous
study [16]. Perioperative pain treatment was also identical to that
reported in a previous study [16]. After surgery, the rats were
allowed to move freely in their cages without external support
and with their weight bearing unrestricted. Clinical observation
was performed daily throughout the study period.

2.4. Euthanasia

Volatile isoflurane (Forane�, Abbot AG, Baar, Switzerland) was
used for general anesthesia. Subsequently, 25 mg sodium thiopental
(Thiopental� Sandoz, Sandoz GmbH, Kundl, Austria) was injected
into the cardiac ventricle, causing direct cardiac arrest. Immediately
after harvest of the femur, all soft tissues were carefully removed.
The bone implant specimen of each alloy was embedded in dry ice,
and the lCT scan was performed.

2.5. Preparation of the bone-pin model

Immediately after euthanasia, a longitudinal skin incision was
made medially at each rat’s femur. After transection of the muscles,
the femur bone was carefully exposed and ex-articulated at the
adjacent joints. The area beneath the implant was untouched and
was covered by thin laminas of remaining tissue in order not to
change the existing pin-bone conditions. Immediately after total
preparation, the bone was wrapped in physiological saline-
solution-dipped swab material and brought to lCT.

2.6. High-resolution lCT and image reconstruction

To determine the pin volume and the pin surface, lCT images
were assessed using a Siemens Inveon™ Research Workplace
‘‘Acquisition 1.2.2.2’’. The lCT scans were conducted using a
polychromatic source at 80 kV voltage, 500 lA current with an
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exposure time of 2000 ms. Scanning was performed with no stor-
age trays on de-wrapped samples. To reduce fluorescence, a
1.5 mm thick aluminum filter was used. Images were recon-
structed using the Siemens Inveon™ Workplace 3.0 software. For
reconstruction, beam-hardening correction and filtered back-
projection with a bilinear interpolation and a Shepp–Logan filter
were applied. Pins were reconstructed as three-dimensional
(3-D) models, and upper and lower thresholds for the pins were
set at 3256 and 8064 Hounsfield units (HU). Pin volume and the
pin surface were quantified up to the 52nd week, allowing obser-
vation of the degradation process within 1 year.

2.7. Determination of weight loss after explantation

The initial weight and the weight of the explanted samples after
4 weeks and 52 weeks were determined as follows. From the
retrieved pins, the degradation products were mechanically and
chemically removed [15]. In the first step, the pins were mechani-
cally cleaned with a brush. The specimens were then ultrasonically
cleaned in ethanol and subsequently immersed for 20 min in a
rust-removal solution containing 11.1 g sodium dihydrogen citrate
(ABCR GmbH), 1.7 g citric acid (Merck) and 0.1 g tryptamine (ABCR
GmbH) in 250 ml deionized water [15]. In the last step, the sam-
ples were again mechanically cleaned using a brush, ultrasonically
cleaned in ethanol, and finally dried in hot air. The reliability of the
cleaning procedure was also checked using not-implanted control
samples of the same alloy compositions.

2.8. Surface analysis

The surface of the retrieved pins was analyzed 4 and 52 weeks
after implantation. After explantation of the femur, the pins were
carefully removed from the bone tissue. The samples were cleaned
with isopropanol in an ultrasonic bath for 10 min, and then dried at
room temperature. The explanted pins were first inspected by opti-
cal microscopy, using a stereo microscope (Leica MZ 12.5). Then
the microstructure and chemical composition of the degradation
products were characterized by scanning electron microscopy
(SEM; Hitachi SU-70, operating at 20 kV acceleration voltage),
equipped with an X-max energy dispersive X-ray (EDX; Oxford
Instruments) detector. For that purpose, longitudinal cross sections
of the samples were prepared as follows: the implants were
embedded in Bakelite and ground until approximately the middle
of the pins was reached; polishing was conducted down to 1 lm
diamond size, and the final polishing step was performed using
0.05 lm Al2O3 suspension (MasterPrep, Buehler). The polished
cross sections were also coated with a thin �8 nm thick conductive
carbon film to reduce the charging effects within the SEM. The ele-
mental distribution of the implant surface was mapped by EDX
scans.

2.9. Histological processing

Histological slices were investigated at the 36th week and were
limited to pure Fe. After explantation, the samples including the
implants were fixed in commercial 3.5% formalin for 5 days at
room temperature. Then the tissues underwent dehydration,
embedding and polymerization in methyl-methacrylate (Technovit
9100 New, Heraeus-Kulzer, Hanau, Germany) according to the
manufacturer’s instructions and established protocols [17]. Prior
to sectioning, the implants were electrochemically removed
according to a previously described method [18]. The cavities
generated formerly containing the implants were refilled with
Technovit 9100 New. After final polymerization, the tissue blocks
were cut into sections 5 lm thick using a RM 2155 microtome
(Leica, Bensheim, Germany) and placed on poly-L-lysine-coated
glass slides. Slices were pressed and dried for 2 days at 37 �C, then
deacrylated in xylol (2 � 10 min) and 2-methoxyethylacetate
(1 � 10 min), cleared through a decreasing isopropyl alcohol series
(2 � 100%; 1 � 96%; 1 � 70%, 2 min each), and finally rehydrated
with distilled water. Detection of Fe3+ (Prussian Blue), Fe2+ (Turn-
bulls’s Blue) and Fe3+/Fe2+ ions (Quincke reaction) was performed
as described in Refs. [19] and [20], respectively. Photomicrographs
were taken with a Zeiss Axioskop 40 microscope combined with a
Zeiss AxioCam Mrc digital camera and Zeiss AxioVision software
(Zeiss, Oberkochen, Germany).
2.10. Statistics

The statistical analysis includes the lCT data of six pins per
alloy per time point. Statistical analysis was performed using
IBM� SPSS� Statistics 20 (IBM Corporation, Armonk, NY, USA).
The pin volume (V, mm3) and pin surface (S, mm2) were measured
for each sample in the first postoperative week, then at weeks 4,
12, 24 and 52. The data did not show a normal distribution accord-
ing to the Kolmogorov–Smirnov test. Therefore, statistically
significant differences between the groups at each selected time
point were analyzed via the Kruskal–Wallis test. To determine sig-
nificant differences within each experimental group, the Wilcoxon
test was applied. Values were expressed as medians with minima
and maxima. A P-value <0.05 was considered to be statistically
significant.
3. Results

3.1. Clinical findings

None of the animals showed signs of severe clinical pathology.
Post operation there was a slight swelling in most wounds for
1–2 days, compatible with physiological wound healing. No animal
showed signs of pathological wound inflammation, and all wounds
healed within time. The general health conditions of all animals
were good. All rodents showed full weight bearing immediately
post operation and over the whole study period. During the post-
operative period, the animals developed adequately and gained
weight in a physiological growth manner.
3.2. Determination of the in vivo degradation

In the lCT investigations performed during the first post-oper-
ative week, the lCT images showed correct transcortical implant
positioning in the distal third of the femur in each rat. Each implant
ran through both corticalices (medial and lateral of the femur).

The in vivo degradation was investigated via lCT scans at
weeks 4, 12, 24 and 52, and weight loss measurements of
explanted pins at weeks 4 and 52. Fig. 1 presents lCT scans of
the samples investigated after implantation for 4 and 52 weeks.
For both time points, no apparent reduction in volume was
observed by visual inspection. Slight hazes were found around
all the samples, which hampered the visual characterization of
the extent of degradation.

The mean volume and mean surface area of the pins mea-
sured by lCT scans (at weeks 4, 12, 24 and 52) are presented
in Fig. 2a and b. The inserts display the P-values deduced from
the statistical test. It can be seen for all samples during the
study period of 52 weeks that no statistically significant (i.e. P-
values > 0.05) loss in volume or change in surface area was
observed. Even though the mass loss measurements indicate a
slight decrease in the samples’ weight, the differences are not
statistically significant.



Fig. 1. Three-dimensional reconstruction of the high-resolution lCT scans after (a–c) 4 weeks and (e–f) 52 weeks of (a, d) pure Fe, (b, e) Fe–10Mn–1Pd and (c, f) Fe–21Mn–
0.7C–1Pd. The samples show discrete haze due to lCT artifacts.

Fig. 2. (a) Mean volume and (b) mean surface area as determined from lCT scans, and (c) weight of explanted pins measured over the study period of 52 weeks. The insets in
the upper two graphs show the P-values corresponding to the measured curves.
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3.3. Surface analysis

The surfaces of the samples implanted for 4 and 52 weeks were
examined via optical (Fig. 3) and electron microscopy (Fig. 4). With
regard to the optical micrographs of the pins after 4 weeks of
implantation (Fig. 3a–c), no significant differences among the sam-
ples were found. Slightly dark degradation products were recogniz-
able on the surface; however, no distinct correlation between the
areas where degradation took place and the implantation site was
observed. Occasionally, slight grooves from the machining of the
implants were still visible on all samples. Fig. 4a–c shows the mor-
phology and chemical composition of the cross sections of the alloys
investigated after 4 weeks. In the bottom part of the images, the
metal is visible, followed by the degradation products, and in the
upper part of the images the embedding material can be recognized.
The degradation products of the pure Fe pin implanted for 4 weeks
(Fig. 4a) were rich in Fe and O, but also contained P and Ca, and at
some locations a higher concentration of Na und K was found
(Fig. 4). For Fe–10Mn–1Pd and Fe–21Mn–0.7C–1Pd implanted for
4 weeks (Fig. 4b, c), the degradation products also contained Mn.
An additional accumulation of Pd close to the metal–matrix surface
was also observed.

After 52 weeks of implantation, optical microscopy investiga-
tions (Fig. 3d–f) again showed no significant differences among
the alloys. Compared with the samples implanted for 4 weeks,
however, more voluminous degradation products were observed,
and nearly the whole pin surface was covered with degradation
products. In the cross sections of the 52-week samples (Fig. 4d–f)



Fig. 3. Optical micrographs of the pins after implantation for (a–c) 4 weeks and (d–f) 52 weeks of (a, d) pure Fe, (b, e) Fe–10Mn–1Pd and (c, f) Fe–21Mn–0.7C.

Fig. 4. SEM images of the cross sections of the pins after implantation for (a–c) 4 weeks and (d–f) 52 weeks of (a, d) pure Fe, (b, e) Fe–10Mn–1Pd and (c, f) Fe–21Mn–0.7C. The
left-hand images show secondary electron contrast; the right-hand images display the corresponding elemental distribution maps.
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the degradation products appeared to have quite a dense character.
EDX maps revealed that the degradation products consisted of two
layers. In the case of pure Fe, the topmost layer was always clearly
enriched in P and Ca, and also contained Fe and O (Fig. 4d). Some
areas of the P-rich layers also contained a higher amount of Na
and K. The underlying layer (directly adjacent to the metal surface)
was composed mainly of Fe and O (Fig. 4d). In the entire cross
section, the thickness of the two layers varied, i.e. at some sides
the P-rich oxide layer was directly adjacent to the metal surface.
Sometimes only a pure Fe, O layer on top of the metal surface
was observed.

In the case of the Mn-containing alloys (Fig. 4e, f), the degrada-
tion products showed a similar layered structure. Both layers were
also enriched in Mn. In both cases, an accumulation of Pd was also
visible close to the metal surface. The 52-week samples showed
differences in how the metal surface was attacked, which also
reflects the different microstructures of the investigated alloys.
For pure Fe, the degradation generally proceeded homogeneously
with the formation of small dimples (indicated by the black arrow
in Fig. 4d), and no preferential attacking sites such as ferrite grain
boundaries were observed. Similar degradation behavior was
apparent for Fe–21Mn–0.7C–1Pd, but at some positions twin
boundaries within the austenite grains (indicated by the black
arrow in Fig. 4f) were found to be preferential degradation sites.
For Fe–10Mn–Pd, shallow pits were visible (indicated by the black
arrow in Fig. 4e), which may reflect the martensitic microstructure
of this alloy.

Cracks in the oxide layers were also observed in the SEM images
of Fig. 4. Their appearance was like that of ‘‘cracked earth’’, and
they were presumably a result of dehydration, which occurred
during sample preparation.

3.4. Iron accumulation around the implants

Fig. 5 shows the results of the histological inspection 36 weeks
after implantation. The blue areas indicate the presence of Fe ions.
Both oxidation states, Fe2+ and Fe3+, are accumulated in the close
vicinity of the implants (Fig. 5a; Quincke reaction). A more specific
differentiation between the accumulation of Fe2+ and Fe3+ was
achieved using Turnbull blue and Prussian blue staining, respec-
tively. Turnbull blue staining showed only small amounts of Fe2+

at the bone implant interface (Fig. 5b). The main part of the iron
accumulation was Fe3+, as detected by the Prussian blue staining
(Fig. 5c).



Fig. 5. Detection of (a) Fe3+/Fe2+ (using Quinke reaction), (b) Fe2+ (using Turnbull blue) and (c) Fe3+ (using Prussian blue) in consecutive sections of the pure Fe samples after
36 weeks. Fe ions were primarily located at the implant–bone interface lining the implant holes (marked by black stars). The implants were well integrated, and the
degradation processes caused no obvious harm to the neighboring tissues.

Table 2
In vitro degradation rate of pure Fe and different Fe-based alloys determined in
physiological media via weight loss measurements.

Alloy Medium Degradation rate
(mm y�1)

References

Fe SBF 0.23 [30]
Fe Hanks’ solution 0.2 [28]
Fe–25Mn Hanks’ solution 0.5–1.1 [28]
Fe–35Mn Hanks’ solution 0.4–0.7 [28]
Fe SBF 0.1 [15]
Fe–21Mn–0.7C SBF 0.13 [15]
Fe–21Mn–0.7C–1Pd SBF 0.21 [15]
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The implants are well integrated and sheathed by a narrow cap-
sule of connective tissue. The degradation process caused no harm
to the surrounding tissue, and no signs of inflammation or local
toxicity were observed.

4. Discussion

For the development of biodegradable implants, reliable data on
in vivo degradation are of paramount importance. Verifiable data
on the in vivo degradation of biodegradable Fe alloys (i.e. pure Fe
and Fe-based alloys presented here) are not yet available in the lit-
erature. To provide such information, the in vivo degradation
behavior of pure Fe and two Fe-based alloys (Fe–10Mn–1Pd and
Fe–21Mn–0.7C–1Pd) was assessed in a living rat model over a
study period of 52 weeks. The results of the study, the strengths
and limitations of the methods employed, and the implications
for future alloy development are discussed in the following.

4.1. Determination of the degradation rate

The 3-D reconstructions based on the high-resolution lCT scans
showed slight signs of degradation. This information, combined
with insights from examination of the retrieved samples and the
histological sections, confirms that all samples did show some
(although limited) in vivo degradation: the optical microscopy
images reveal signs of degradation on the sample surfaces, and
the fact that Fe ions were detected in the histological sections
reveals that there is degradation.

It is generally difficult to precisely determine small losses in
volume (done here by means of lCT scans) or mass (done here
by weighing retrieved samples). Degradation products might be
added unintentionally to the volume of the metal when performing
the evaluation of lCT scans. Although weighing is a precise
method, one may not be able to completely remove the degrada-
tion products during cleaning of the retrievals. Evaluation by lCT
has continually matured over recent decades and is now a power-
ful tool in the evaluation of in vivo studies. However, metallic
materials may leave artifacts in lCT images, and beam hardening,
in particular, limits the analysis and quantification of corrosion
areas with little corrosion and low-density areas.

The faint hazes seen around the implants are attributed to such
artifacts, which reduce the contrast of the images and obscure
details [21]. In fact, the present authors consider artifacts to be
responsible for the limited accuracy in the determination of sample
volume and surface area. However, it is important to state clearly
that the degradation process is relatively slow in the chosen
in vivo model.

At first glance, it may appear surprising that, over the period of
1 year, so little degradation took place, especially when taking the
existing literature [7–10] into account, where the results of in vivo
studies on stents made from pure Fe were reported. In these
reports, degradation products were already found after 1 month.
However, it is important to emphasize that no attempt has been
made until now to quantify exactly the loss in material due to
degradation.
4.2. Factors that influence the degradation of Fe-based materials

Comparison not only with existing in vivo studies, but also with
in vitro experiments reveals distinct differences. Table 2 summa-
rizes the degradation rates of pure Fe and Fe-based alloys as deter-
mined by immersion tests in physiological media. From those tests
it may be concluded that Fe–Mn and especially Fe–Mn–C–Pd alloys
degrade significantly faster than pure Fe. However, both the in vivo
measurements of the implant volumes and the determination of
mass loss did not indicate any differences in their degradation rate.
It is thus important to consider the electrochemical processes that
take place during the in vivo degradation of such materials. Impor-
tant conclusions may also be drawn from the conditions present
in vivo in the environment where the pins were implanted.

As pointed out in the literature, the anodic partial reaction

Fe! Fe2þ þ 2e� ð1Þ

(oxidation of the metal) usually proceeds rapidly in media [15]. In
oxygen-containing aqueous solutions in the pH-range between 4
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and 10, the reduction of dissolved oxygen is the cathodic partial
reaction:

H2Oþ 1=2O2 þ 2e� ! 2OH� ð2Þ

These conditions apply to most of the potential implantation sites
in a living body (except, for example, implantation in the gastroin-
testinal tract). The reduction reaction (2) and, coupled to it, the oxi-
dation reaction (1) proceed as rapidly as dissolved oxygen reaches
the metal surface. The availability of oxygen in a given tissue is
therefore a critical factor, which influences the degradation rate of
an Fe-based implant in vivo. This argument helps to explain the
obvious differences between previous in vivo studies on pure Fe,
where stents were implanted in a blood vessel, and this study.
The pure Fe stents degraded significantly faster than the pins inves-
tigated here. Because the underlying corrosion reaction proceeds as
fast as dissolved oxygen reaches the metal surface, it can be con-
cluded that the circulating blood provides a continuous supply of
oxygen, which in turn generates a higher degradation rate. The
availability of oxygen is considerably lower in the tissue in the
vicinity of the pins investigated here. This may be an important rea-
son for the degradation being much slower. However, a more
detailed study is necessary to further elucidate this argument.

From the results of the in vivo degradation experiments
presented in this study, it appears that oxygen availability is even
more important for degradation rate than alloy composition. In
contrast to laboratory tests, it was observed here that the
Fe–Mn(–C)–Pd alloys in vivo did not degrade significantly faster
than implants made from pure Fe.

Another important factor influencing the degradation rate is the
formation of degradation products on the implant surface. The Fe
ions, which are usually formed in the corrosion process, react with
hydroxyl ions (OH� ions) to form hydrous ferrous oxide (FeO�nH2-

O). Dissolved oxygen causes the ferrous (Fe2+) oxides to be further
oxidized to ferric (Fe3+) oxides according to the following reaction:

FeðOHÞ2 þ 1=2H2Oþ 1=4O2 ! FeðOHÞ3 ð3Þ

In corrosion products, because of the oxygen gradient, oxidation to
the ferric form usually commences in the outer layers and subse-
quently progresses towards the metal surface. The formation of
such Fe-oxide degradation products has been observed in vitro
[14,15,22], but also in vivo by Peuster et al. [9,23]. The SEM inves-
tigation of the degradation products revealed that they possess a
layered structure where the first layer adjacent to the metal con-
sists of oxidized constituents of the material, i.e. Fe, Mn, Pd and
O. On top, there is a second layer that, besides Fe, Mn and O, also
contains elements that originate from the living organism, i.e. P,
Ca, Na and K. As pointed out above, the oxygen reduction generates
OH� ions, leading to a local rise in the pH value. This may in turn
promote the precipitation of compounds such as FeCO3 or Fe-phos-
phates. It is known, for example, that Fe-corrosion proceeds slower
in hard water compared with soft water, because the high availabil-
ity of carbonates in the hard water promotes the formation of
partially protective layers on the metal surface [24]. In addition,
Fe-phosphate coatings are used in industry to provide protective
coatings against corrosion [25]. Besides the fact that Fe phosphates
show low solubility in water, hydrous ferric oxide (Fe(OH)3) is able
to bind phosphates on its surface [26]. Eventually, because the deg-
radation products (i.e. Fe oxides and precipitates) form on the
implant surface, they affect the oxygen transport to the metal
[27]. Their composition and structure (which influence the oxygen
permeability) determine the extent to which they hinder the degra-
dation process. Because of the relatively slow degradation process,
it can be concluded that the degradation products, which were
observed to be relatively dense, substantially hinder the transport
of the oxygen towards the metal surface, which would be necessary
for further degradation.
It may also be assumed that the implantation site, and therefore
the different tissues in question, also influence the composition of
the degradation products. It is interesting to observe that the over-
all structure of the degradation products is, to a certain extent,
similar to that previously found in laboratory experiments [15].
4.3. Iron release to the surrounding tissue

The SEM images reveal that the thickness of the degradation
products after 52 weeks is on the order of 10–30 lm. As expected,
they contain a high amount of material constituents, such as Fe,
Mn, Pd and C. The histological sections, in contrast, show that
the tissue surrounding the implant contains a significant amount
of Fe ions. The Fe ions were transported almost as far as 1 mm
away from the implant surface. Comparison of the images obtained
by the different staining techniques reveals that the majority of the
Fe ions oxidized to the Fe3+ form. This seems reasonable, because
dissolved oxygen in the tissue would promote the oxidation of
Fe2+ to Fe3+ according to Eq. (3).
4.4. Implications for future material development

The results obtained in this study show that Fe and Fe-based
alloys that were transcortically implanted did degrade in vivo,
even if the degradation rate was relatively low. Moreover, it
appeared that the differences between the degradation rates of
pure Fe and the Fe-based alloys designed for a faster degradation
are actually negligible in in vivo studies. Previously performed
in vitro cytocompatibility studies indicated that too much Mn
release might affect the biocompatibility of Fe–Mn–C–Pd alloys
[14]. The results of this study showed no signs of local toxicity;
the implants were well integrated into the bone, and the detection
of P and Ca on the outer layer of the degradation products might
indicate bioconductivity of the implants. Also, no abnormal clinical
observations were made post operation. Even though the Fe–Mn
(–C)–Pd alloys did not degrade significantly faster than pure Fe,
they certainly provide much better mechanical properties, which
allow greater freedom in implant design. Therefore, this study’s
findings show that degradation of Fe-based implants is determined
mainly by in vivo conditions (i.e. oxygen availability and the com-
position and structure of degradation products) present in the
implantation site, rather than by the composition of the material.
5. Summary

In this study the in vivo degradation performance of pure Fe and
two Fe-based alloys (Fe–10Mn–1Pd and Fe–21Mn–0.7C–1Pd) was
assessed in a living rat model over a study period of 52 weeks.
lCT scans (volume and surface) and weight loss measurements
of explanted samples were performed in order to monitor degrada-
tion. The surface of retrieved pins was analyzed via optical electron
microscopy and SEM, and histological slices were assessed.

Formation of degradation products (Fe-oxides) on the implant
surface was clearly observed, demonstrating that degradation of
the materials investigated took place. No post-operative signs of
local toxicity and no clinical abnormalities were observed.
However, the degradation proceeded relatively slowly, and no
pronounced reduction in volume or mass loss was apparent. In
addition, the degradation rates observed for the two Fe-based
alloys were not significantly higher than those of pure Fe. The
observed in vivo degradation behavior was discussed according
to electrochemical considerations. It is suggested that a low oxygen
content in the vicinity of the implants, coupled with visible dense
degradation products, which can potentially hinder oxygen transport
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towards the metal surface, caused the slow pace of in vivo
degradation.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2–5, are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at http://dx.doi.org/10.1016/j.actbio.2014.
04.007.
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