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Biodegradable magnesium (Mg) implants are emerging as a potential game
changer in implant technology in situations where the implant temporarily
supports the bone thereby avoiding secondary surgery for implant removal.
However, the consequences of the alteration in the degradation rate to bone
healing and the localization of degradation and alloying products in the long
term remain unknown. In this study, we present the long-term osseointegration
of three different biodegradable Mg alloys, Mg-10Gd, Mg-4Y-3RE and Mg-2Ag,
which were implanted into rabbit femur for 6 and 9 months. In addition, we have
investigated the effect of blood pre-incubation on the in vivo performance of
the aforementioned alloys. Using high-resolution synchrotron radiation based
micro computed tomography, the bone implant contact (BIC), bone volume
fraction (BV/TV) and implant morphology were studied. The elemental traces
have been characterized using micro X-ray fluorescence. Qualitative
histological evaluation of the surrounding bone was also performed.
Matured bone formed around all three implant types and Ca as well as P
which represent parts of the degradation layer were in intimate contact with the
bone. Blood pre-incubation prior to implantation significantly improved BIC in
Mg-2Ag screws at 9 months. Despite different implant degradation
morphologies pointing toward different degradation dynamics, Mg-10Gd,
Mg-4Y-3RE and Mg-2Ag induced a similar long-term bone response based
on our quantified parameters. Importantly, RE elements Gd and Y used in the
alloys remained at the implantation site implying that they might be released
later on or might persist in the implantation site forever. As the bone formation
was not disturbed by their presence, it might be concluded that Gd and Y are
non-deleterious. Consequently, we have shown that short and mid-term in vivo
evaluations do not fully represent indicators for long-term osseointegration of
Mg-based implants.
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1 Introduction

Biodegradable magnesium (Mg)-based implants are of great
interest in musculoskeletal research and application due to their
ability to degrade in the body, thus requiring no secondary
surgery for removal in situations where the implant is not
meant to remain in the body permanently (1-4). Apart from
their degradability, the Young’s modulus of Mg is similar to that
of bone and hence causes less stress shielding compared to
conventional implant materials such as titanium (Ti) and
medical steel (5). Mg occurs naturally in the human body and
enhances cellular processes (6,7). However, it can degrade rapidly
and might not allow bone sufficient time to heal before it is fully
degraded. Upon degradation, Mg yields corrosion products that
can be excreted or integrated into the natural metabolic process
depending on their release rate (8) and the biological processes
occurring in its environment (9,10). The local increase in pH and
the release of hydrogen gas during degradation can compromise
the integration of the implant and, thus, its ability to support
bone healing with an associated risk of tissue necrosis leading to
delayed or no healing (11).

Existing solutions to improve Mg performance focus on
either surface modification techniques or changing the
composition, which results in a change in the microstructure.
With a focus on microstructure modifications, suitable elements
such as Aluminum (Al), Manganese (Mn), Calcium (Ca), Zinc
(Zn), Silver (Ag), Gadolinium (Gd), Yttrium (Y), and several
other rare earth (RE) elements are used to dope pure Mg to
improve its mechanical and physical properties (12). In this
regard, the addition of 10 weight percent (wt%) of Gd to form
Mg-10Gd or 2 wt% of Ag to form Mg-2Ag or 4 wt% of Y, 2 wt%
of Nd, 1 wt% of Ce to form Mg-4Y-3RE respectively improves the
corrosion resistance and mechanical properties of Mg (13).
Additionally, coatings such as calcium phosphate (CaP) and
degradable polymers such as nanostructured hydroxyapatite
(nHA) can be applied to Mg alloys to change the surface
chemistry in order to minimize the corrosion rate to the level
tolerable by the body as well as to improve cell adhesion (14).
Alternatively, adhesion of proteins to Mg alloys is known to
improve their performance. An example is harnessing the natural
protective layer formed around Mg alloys when they come into
contact with body fluids such as blood, thereby reducing the
corrosion rate (14). Willumeit et al. showed that the pre-
incubation of Mg alloys under cell culture conditions
improves their tissue compatibility (15). Zhang et al. has also
demonstrated that Mg®* ions exhibited high binding to bovine
serum albumin (BSA) due to the attraction between the
negatively charged oxygen ions and the Mg™* ions (16)
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generated during degradation. The first event that occurs after
the implantation of a biomaterial is the adsorption of proteins on
its surface upon contact with blood (17). The adsorbed proteins
(18) majorly determine a cascade of biological responses and the
(17) by the

response such as

material biocompatibility crucial

of
spreading, migration, proliferation and differentiation (19,20).

shaping
characteristics cellular adhesion,
Some in vitro studies have shown that protein coatings are
known to offer a natural protective layer to Mg alloys by
decreasing the corrosion rate and improving cell adhesion
and, consequently biocompatibility (15,21). Yamamoto et al.
further reported that adsorbed proteins form insoluble salts
with degradation products that mitigate the rapid degradation
of pure Mg (22). Moreover, the modulation of hydrogen
evolution in Mg degradation by protein as well as the
reduction in corrosion suseptibility when albumin (the most
abundant blood protein) is added to simulated body fluid is
reported (23). It is postulated that, proteins can alter the topology
and chemical property of Mg alloys thus affecting the
degradation behavior of Mg remarkably (24). A blood-contact
experiment for Mg alloys has revealed differences in corrosion
layer composition among the different Mg alloys when in contact
with blood (25). It has also been reported elsewhere that Ti
implants with calcium-ion modified surfaces, when in contact
with blood, improve their coagulatory effect and subsequently
yield a better biological response (18). Owing to the fact that the
adsorption of proteins on the surface of Mg alloys significantly
affects its biological outcome (15) and offers protective benefits
against rapid corrosion (25) therefore, the translational potential
of pre-incubating Mg alloys with blood prior to implantation is to
offer protection against rapid corrosion by the formation of a first
corrosion layer and also increase its osteogenic potential which
might then translate into better osseointegration in in vivo
applications.

Witte et al. showed that the in vivo degradation mechanisms
and bone response of Mg-alloys depend on their elemental
composition. The corrosion products usually formed are
biological phosphate constituents (27). Jahn et al. compared
the degradation of Mg-2Ag pins under in vitro and in vivo
conditions and found that Mg-2Ag enhanced bone formation
and did not cause systemic adverse effects. Furthermore, Mg-2Ag
improved the osteoblast activity and differentiation but had the
opposite effect on osteoclasts leading to the formation of
augmented callus during fracture healing (28). The addition of
diluted forms of Ag is known to combat bacterial infection (29).
On the other hand, Galli et al. reported a poor osseointegration
performance of Mg-2Ag in vivo as having an inadequate contact
with bone amidst fibrous tissue encapsulation after 1 month of
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implantation (13). Another extensively studied Mg alloy is Mg-
10Gd. Gd is a RE element that has raised concerns about possible
cytotoxicity although it is already used as a contrast agent in
medicine. In one of our recent studies, Kriiger et al. reported that
Mg-10Gd alloys released Gd ions that were below the toxicity
level in cell culture. It was further reported that Mg-10Gd alloys
form a stable degradation layer surrounded by new bone tissue
(30). Also, in a study by Myrissa et al., the toxicity associated with
Mg-10Gd was investigated and it was concluded that there was
no increase in Mg or Gd concentration in blood serum samples
even after 36 weeks of implantation (31). Additionally, in vitro
experiments (32,33) have reported that Gd is below the toxicity
level in cell culture with improved osteoblastic mineralization
(34). Mg-4Y-3RE alloys are a member of the WE systems known
to have good mechanical properties and suitable degradation
rates (35). Some variations of this composition are already in
clinical applications. An example is MAGNEZIX compression
screw which has been shown to be clinically equivalent to Ti
screws in the treatment of hallux valgus (36). Both Mg-10Gd and
Mg-4Y-3RE alloys have been shown to have a good osteogenic
effect on bone after 3 months observation period as opposed to
Mg-2Ag having a poor osteogenic response (13).

So far, the long-term in vivo evaluation of the degradation of
Mg-based implants as well as the influence of blood pre-
incubation on their in vivo performance have not been
studied using high resolution using synchrotron radiation
x-ray computed tomography (SRUCT) at long healing times
(6 and 9 months). Studying the bone response of Mg-based
implants with the use of SRuCT yields greatly enhanced
image quality that reveal subtle differences among the alloys
through improved signal-to-noise ratio. Furthermore, SRUCT
enables the study of the morphology of the degraded screws and
the surrounding bone non-destructively in 3D at a resolution of
less than 1 pm (37). The added knowledge gained from in vivo
evaluation of Mg-based implants in the long-term will continue
to expedite the use of Mg-based implants in clinical applications.

In the current work, our first aim is to investigate the
osseointegration of two binary biodegradable Mg alloys (Mg-
10Gd and Mg-2Ag) against a ternary biodegradable Mg alloy
(Mg-4Y-3RE) in order to gain deeper insight into which alloying
element better improves the in vivo performance of Mg in the
long term. Secondly, we aim to investigate if the pre-incubation
of the Mg alloys in blood prior to implantation improves their
osseointegration. The outcome of these investigations will add to
the existing knowledge to guide the selection of alloying elements
that better improve the osseointegration of Mg alloys in the long
term. Also, this study will enable us to understand if early
adsorption of proteins unto the surfaces of Mg alloys offers
additional benefits by favorably modulating osteogenic cellular
As Mg degrades,
continuously changing, which might affect its mechanical

behavior. its mechanical integrity is
competence over an extended period of time. Thus, long-term

studies can enable the monitoring of the effect of Mg degradation
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on bone healing throughout its lifetime until it is fully degraded.
In this regard, the following research questions are addressed: (I)
Does bone apposition differ among the types of Mg-based screws
at longer healing times? (II) Does Mg degradation compromise
bone implant contact (BIC) at longer healing times? (III) Does
the blood pre-incubation of the screws prior to implantation
affect their osteogenic response? In view of this, the aim of the
study is to compare the long-term in vivo performance of Mg-
2Ag, Mg-10Gd and Mg-4Y-3RE screws by quantifying the bone
formation and integrity of the contact at the bone implant
interface as well as to characterize the constituent of their
degradation products at 6 and 9 months implantation times.
In addition, the effect of blood pre-incubation on the in vivo
performance of the screw is studied. To this end, we utilized
SRUCT, micro X-ray fluorescence spectroscopy (uXRF) and
histomorphometry techniques to provide an in-depth
assessment of bone response to the aforementioned Mg-based
alloys. pXRF enables the determination of the spatial distribution
of the constituent elements in each alloy. Histomorphometry can
reveal mineralized and cellular components as well as subtle
patterns regarding peri-implant bone healing. Thus, the
combined information from all three modalities will yield in-
depth knowledge on Mg-based implants and bone interaction in
the long term. It is hypothesized that the three selected Mg alloys
should induce a similar bone healing response with good

anchorage in the surrounding bone over the observation period.

2 Materials and methods

The implant screws were produced at Helmholtz Zentrum
Hereon Magnesium Innovation Centre (Hereon MagIC,
Germany). In the first step of the production, the starting
materials: magnesium (99.99%, Xinxiang Jiuli Magnesium Co.
Ltd., China), yttrium (Y, 99.95%, Grirem Adv. Mater. Co. Ltd,
China), gadolinium (Gd, 99.95%, Grirem Adv. Mater. Co. Ltd,
China), a rare earth mixture, (RE, Grirem Adv. Mater. Co. Ltd,
China) and silver (Ag, 99.99% ESG Edelmetall-Handel GmbH &
Co. KG, Germany) were used to cast the Mg alloys in this study
based on permanent mold gravity casting technique. Ag in Mg-
2Ag, Gd in Mg-10Gd, Y and RE mixture in Mg-4Y-3RE were
heated and added to melted (720°C) pure Mg and stirred
continuously for 15 min. Using boron-nitride (BN) as mold
release agent, the mixture was poured into a pre-heated
(550°C) permanent steel mold. Casting was performed in a
controlled atmosphere with 2 wt% sulfur hexafluoride (SF¢)
followed by solution heat treatment (T4) of the alloys for 6 h
at 430°C (Mg-2Ag) or 550°C (Mg-10Gd and Mg-4Y-3RE) to
refine the grain size. The billets obtained were then extruded. All
the screw types were extruded using the indirect method. Mg-
2Ag screws were extruded at a temperature of 300°C with a speed
of 2 mm/s. For Mg-10Gd, extrusion was performed at 430°C with
a speed of 3.5 mm/s while Mg-4Y-3RE was extruded with a speed
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of 3mm/s and at a temperature of 360°C. The screws were
subsequently refined to obtain threaded mini screws with
2mm outer diameter and 2mm length. The screws were
placed in sealed plastic envelopes followed by gamma
sterilization (dose of 27 kGy at BBF, Sterilization service,
Kersen, Germany).

2.1 Measurement of initial screw volumes

The initial volumes of the screws were measured as a
reference value. For this, three screws per type of material
were scanned before implantation using a Phoenix Nanotom
benchtop pCT (GE inspection and sensing technologies,
Waunstorf, Germany) at an operating voltage of 100 kV and a
current of 70 pA. The exposure time and the number of
projections were 1000 ms and 2700 projections, respectively.
The binned voxel size was 2.5um. The image data was
thresholded prior to the volume calculations using an open-
source image processing software, Fiji (Fiji is just Image], GPL
v2) (38,39). Using the voxel counter plugin, the volume of the
screws was calculated by summing the foreground voxels. The
summed voxels were converted to mm® by multiplying with the
voxel size cubed.

2.2 Animal study

The in vivo study was approved by the ethical committee
of the French Ministry of Higher Education and Research
(approval number 00391-01) and performed at the National
School of Veterinary Medicine of Maison-Alfort (Maison-
Alfort, France). Six mature female New-Zealand white rabbits
were used for the study (weight 3-4 kg). The animals were put
on general anesthesia with intramuscular administration of
the following drugs: 250 mg/kg of medetomidine (Domitor,
Zoetis, France), 20 mg/kg ketamine (Imalgene 1000, Merial,
Sanofi, France) and 1 mg/kg of diazepam (Valium, Roche,
France). Immediately after anesthesia, a few mL of blood was
collected from each rabbit and three Mg screws, one per
material, were incubated in the blood of the same rabbit
they were about to be inserted for half an hour. The blood
was added directly in the sterilized container of each screw in
the pre-incubation group and immediately removed and
implanted after half an hour. Local anesthesia was
administered with 1 mg lidocaine injected into the surgical
area. A full thickness incision of skin and muscles was made in
the hindlimb, in the region of the distal femoral metaphysis.
The periosteum was elevated and the bone in the diaphysis of
the femur, next to the distal femoral metaphysis, was exposed.
Three osteotomies were performed in this region with a
rotating drill under irrigation with sterile saline. The drill
sequence was as follows: round bur, diameter 1.4 mm, parallel
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bur, 2 mm, tapping with a Ti instrument with the same
threaded shape of the Mg screws. Thereafter, three Mg-
screws (one material each) were inserted with a manual
screwdriver in the osteotomies. In one leg, pristine screws
were implanted, while in the other leg, screws pre-incubated in
blood for 30 min were implanted (randomly allocation of right
or leftleg). In total, 36 screws were inserted in the six animals.
The screws were inserted flush to the bone and with 5 mm
bone between the next screw (Figure 1). The periosteum,
muscle and skin were repositioned and sutured with a
resorbable suture in 2 layers (Vicryl 3.0). The rabbits were
housed in separate cages and allowed to move freely and eat
and drink ad libitum. They also received antibiotics and
analgesic therapy for 5 days post-surgery. After 6 and
9 months of implantation, the rabbits were euthanized
(three rabbits per time point) with a lethal dose of sodium
pentobarbital (Euthasol, Virbac, Fort Worth, United States).
The legs were dissected to expose the bone around the
implantation site. The screws with the surrounding bone
were explanted using a cylindrical trephine bur of 3.4 mm
diameter. The bone-implant blocks (explants) were fixed in
70% ethanol for approximately 1day and were then
dehydrated in ethanol followed by critical point drying to
halt the Mg degradation and preserve the bone tissue
morphology.

2.3 Synchrotron radiation x-ray computed
tomography data acquisition and analysis

All six rabbits survived throughout the observation period
and were all scanned using SRUCT. For a quantitative assessment
of osseointegration, the volume of the degradation layers, BIC
and BV/TV were calculated from the SRuCT image data. The
degradation rate was not calculated because it was not possible to
distinguish between the degradation layer and the residual screw.
Nevertheless, the volume of the “remnant screws” were
calculated based on the SRuCT data. Where remnant screw
the the

degradation layer. Based on the calculated volumes together

refers to undistinguished residual screw and
with the appearances of the remnant screws, qualitative
evaluation was inferred regarding the degradation rates of the

three Mg screws.

2.3.1 Synchrotron radiation x-ray computed
tomography image data acquisition

Imaging of the explants was conducted at the P05 imaging
beamline IBL operated by Helmholtz-Zentrum Hereon at the
PETRA III storage ring at the Deutsches Elektronen
Synchrotron (DESY), Hamburg Germany (40-43). The
imaging was performed in two batches during two different
beamtimes. The first batch of data consisted of 24 samples. For
each sample in this batch, 2400 projections over a total angle
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On one side:
screws immersed
in blood for 30
minutes prior
implantation

On the other

side, no blood
pre-incubation,
screws inserted
as received

FIGURE 1

Mg-2Ag

Mg-2Ag

Blood pre-incubation

10.3389/fbiom.2022.925471

Mg-4Y-3RE D

group

Mg-4Y-3RE

Control group

Schematic figure of the implanted screws in the rabbit femur. (A—C) Schematic figure of the insertion of the screws in the rabbit femur. Each
rabbit received three blood pre-incubated screws, one per material, on one leg and three screws without blood pre-incubation, one per material, on
the other leg, for a total of 6 screws per rabbit (36 screws in the entire study). (D) A photo of three screws in one rabbit femur.

of 360° at an energy of 45.33 keV were recorded. A 3D image
volume with a binned effective voxel size of 2.56 um was
reconstructed using a filtered back projection algorithm
(44). The second batch of data consisted of 12 samples. For
each sample in this batch, 4800 projections over a total angle
of 360° at an energy of 51.50 keV were recorded. A 3D image
volume with a binned effective voxel size of 3.84 um was
reconstructed using a filtered back projection algorithm (44).

2.3.2 Image pre-processing, segmentation,
registration and resampling

To decrease the computational effort due to the high
resolution of the image data, all image data were pre-
processed to reduce their size. For this task, Fiji/Image] was
used. First, the reconstructed data were isotropically binned with
a factor of two, then the bit depth was reduced from 32 bit to
16 bit within a range of —0.004 and +0.02 resulting in 5.12 pm
voxel size for the first batch and 7.68 um for the second batch
respectively. The data set were then filtered using an iterative
nonlocal means denoising filter (45). The first batch of data was
resampled to 7.68 pm to have all the data with the same voxel size
for further analysis. The image data were segmented semi-
automatically using the WEKA segmentation plugin in Fiji/
with After
segmentation of the tomograms, the image data were

Image] subsequent manual  corrections.
registered and resampled to a custom-made orientation
cylinder as a pre-requisite for the quantitative analysis.
Subsequently, the volume of the degradation layers of the
screws were calculated in Avizo (version 9.4.2, Thermo Fisher

Scientific, Waltham, MA).
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2.3.3 Image analysis of the synchrotron radiation
x-ray computed tomography data

The parameters BV/TV and BIC were all calculated over the
entire volume (3D) of the tomograms within 300 pm volume of
interest (VOI) around the screws using a custom-written Fiji
script. The VOI analyzed represents the region in the screw
thread and the thread tips.

2.3.3.1 Bone to implant contact and bone volume
fraction

To evaluate osseointegration, the BIC was calculated. BIC
is the area of the screw (degradation layer) in contact with the
surrounding bone. To calculate the normalized BIC, Eq. 1 is
used. To evaluate the effect of the screws on the surrounding
bone, BV/TV was calculated as the ratio of mineralized bone
(BV) over the entire volume of tissues (TV) in the VOI using
Eq. 2. The details of the 3D calculations are found elsewhere
(30,46). The degradation rate was not calculated because there
was no clear contrast between the degradation layer and the
residual screw.

3D - BIC [%] = # sur face voxels o f implant in contact with bone

#total sur face voxels o f screw

1
@

# voxels o f bone volume
#voxels o f total volume o f the VOI

BV
3D - —— [%] =
v (%]

2.3.4 Histology
Histological analyses were performed to qualitatively assess
bone response to the Mg screws. The same samples used in the
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SRuCT measurement were infiltrated with absolute ethanol for a
week followed by infiltration with a methyl-methacrylate based
resin by LLS Rowiak Laser Lab Solutions GmbH (Hanover,
Germany). Forty-pum sections were cut along the longitudinal
axis of the screw based on cutting-grinding technique proposed
by Donath (47) using an Exakt system (Exakt Apparatebau,
Nordertedst, The
toluidine blue (Histlab, Go6teborg, Sweden) and imaged with

Germany). sections were stained with
an optical light microscope (Eclipse ME600, Nikon, Tokyo,

Japan).

2.3.5 Micro X-ray fluorescence spectroscopy

Elemental mapping of the degradation products of the screws
at 9 months degradation time was performed with a Tornado M4
UXRF spectrophotometer (Bruker Nano, Berlin, Germany) set up
with a rhodium (Rh) tube and tungsten (W) tube at a working
voltage of 50 kV and anodic current of 600 pA. A Bruker XFlash *
Silicon Drift Detector detects the fluorescence signal with an
energy resolution of <145 eV for 250 cps. The measurement was
performed under vacuum conditions (20 mbar) using a beam
spot size of 25 pum and a beam spot distance of 25 pum with an
acquisition time of 1.5 ms per pixel. To obtain high resolution
images, image acquisition was performed with 3 cycle runs. Data
acquisition and processing was performed with the Bruker
ESPRIT microanalysis software version 1.3.0.3273.

2.3.6 Statistical analysis

All statistical analysis were performed in Origin 2021b. The
mean and standard deviation of all analyzed parameters were
calculated for each screw type per time point. The group means
were compared using one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison test assuming a normal
distribution. In addition, a paired t-test was performed on the
blood pre-incubated screws and control screws to investigate the
effect of blood pre-incubating of the screws on the BV/TV and
BIC for each screw type and at each implantation time. The
parameters were compared between the alloy types at the
implantation times (6 and 9 months). All analysis was
performed at 95% confidence interval, thus, a p-value below
0.05 was considered statistically significant.

3 Results

3.1 Qualitative evaluation of magnesium
implant integration

3.1.1 Tissue integration and qualitative
evaluation of screw degradation

All screw types were altered in their original shape and
density. In Figure 2, 2D SRuCT slices of each screw type after
6 and 9 months of implantation show that Mg-10Gd and Mg-
4Y-3RE had retained the original threaded screw shape,
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whereas Mg-2Ag had a distorted shape. This observation is
also corroborated by the 3D rendering of the screws shown in
Figure 3. Interestingly, even though the degradation products
of Mg-2Ag appear to be severely disintegrated, they remained
attached to the bone, as seen in the inset of Figure 2. The x-ray
absorption coefficient between the degradation layer and
residual screw was similar and could not be distinguished
in the SRuUCT image data (Figure 2) thus, the degradation rate
could not be calculated. Nonetheless, representative 2D
histological slides show that almost all the original metal
had transformed in degradation products. For Mg-10Gd
and Mg-4Y-3RE the
attached to the original metal, maintaining the original

degradation products remained
threaded shape. For Mg-2Ag, part of the degradation layers
was still attached to a core of residual original metal, but had
not maintained the same original shape. For all three
materials, a core of residual screws was visible at 6 months
in the histologies (Figure 4, red arrows). The histological slides
further reveal that the metallic residue in Mg-10Gd (Figure 4)
and Mg-4Y-3RE (Figure 4) have a similar dark appearance
compared to Mg-2Ag (Figure 4), which appeared dark brown.
The SRuCT slice of Mg-10Gd (Figure 2) and Mg-4Y-3RE
(Figure 2) show the presence of high intensity structures.
These high intensity structures seen in Mg-4Y-3RE can also be
observed in their corresponding histological data (Figure 4)
but in the case of Mg-10Gd, the high intensity areas are not
noticeable in their corresponding histological data (Figure 4).
The insets in (Figures 2, 4) both highlight the bonding
between the degradation layer and the bone of all screw types.

From our observations, the bone tissue response to the Mg
screws appeared similar at both implantation times. At the end of
the two implantation times (6 and 9 months) and for all screw
types, the osteotomy gap had been completely bridged and the
screws were fully integrated into the surrounding bone. Figures 2,
4 show the intimate contact among all the screw types with the
bone environs. All screw types appear to be surrounded by
healthy bone due to the presence of osteocytes in the bone
around the screws (Figure 4).

3.1.2 Characterization of degradation products
Figure 5 shows representative constituent maps of the
three Mg alloy types that were characterized using uXRF at
9 months implantation time. Small amount of residual metal
was present in all screw types which can be deduced from the
map showing the distribution of Mg. Therefore, it is obvious that
the other part of the screw has turned into degradation layer. The
degradation products of Mg-10Gd and Mg-4Y-3RE maintained
their original screw shapes while the degradation products of
Mg-2Ag appear distorted. As expected, Gd signal was detected in
Mg-10Gd alloys. The alloy Mg-4Y-3RE clearly showed a Y signal
in the degradation layer while Mg-2Ag had silver (Ag) signal in
the degradation layer. Calcium (Ca) and phosphorus (P) signals
were detected in the degradation layer of all screw types. Also, for
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Mg-10Gd 6 months

FIGURE 2

10.3389/fbiom.2022.925471

Mg-10Gd 9 months

Mg-2Ag 9 months

2D longitudinal slices of a SRUCT scan of three Mg-based screws after 6 and 9 months of implantation showing the encapsulation among all the
screw types in the surrounding bone. The image shows good osseointegration involving all the screw types. The insets highlight the bonding
between the degradation layer and bone of all screw types. Notably, Mg-2Ag bonded to the bone despite severe disintegration.

all screw types, sulfur (S) signals were detected in the degradation
layer and surrounding soft tissue. The enrichment of S at the site
of Mg-2Ag implant indicates the strong association of proteins to
Ag (48,49).

3.2 Quantitative evaluation of magnesium
screws integration

The quantitative evaluation of osseointegration was based on
the SRUCT image data. The evaluated parameters are all
presented in Figure 6 as box plots.

3.2.1 Bone volume fraction in the vicinity of Mg-
10Gd, Mg-4Y-3RE and Mg-2Ag screws

The results of BV/TV within a VOI of 300 um which is the
region within the screw threads and tips are presented in
Figure 6A. At 6 months, all the 3 screw types yielded a BV/
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TV above 40%, with Mg-10Gd (47.92 + 7.31%) having the
highest mean BV/TV followed by Mg-4Y-3RE (46.81 =+
9.95%) while Mg-2Ag (42.22 + 18.08%) had the least mean
BT/TV. The
significant among the screws (p > 0.05). At 9 months, there

differences in the mean values were not
was a change in the order of BV/TV among the screw types. Mg-
4Y-3RE (43.57% =+ 13.62) had the highest mean BV/TV followed
by Mg-2Ag (40.33 + 0.11%) while Mg-10Gd (31.12 + 15.77%)
had the least mean BT/TV. The differences in the mean values

did not reach the level of significance (p > 0.05).

3.2.2 Effect of blood pre-incubation of
magnesium alloys on bone volume fraction
Figure 7A show the effect of blood pre-incubation of the
screws in blood freshly obtained from the rabbits prior to
implantation on BV/TV over time. Generally, the control
group had higher average BV/TV compared to the blood pre-
incubated group of all screws at both 6 and 9 months. At
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Mg-10Gd 6 months

Mg-10Gd 9 months

FIGURE 3

Mg-4Y-3RE 6 months

Mg-4Y-3RE 9 months

10.3389/fbiom.2022.925471

Mg-2Ag 6 months

Mg-2Ag 9 months

3D rendering of a SRUCT scan of three Mg-based screws showing their appearance after 6- and 9-months implantation time. The image shows
visible alteration in the geometry of Mg-2Ag whereas the Mg-10Gd and Mg-4Y-3RE maintained the original threaded screw shape after degradation.

6 months, the average BV/TV of blood pre-incubated Mg-2Ag
group (30.82 + 17.39%) was significantly (p = 0.04) lower than
the average BV/TV of the control Mg-2Ag group (53.62 +
11.19%). Also, at 9 months, the blood pre-incubated Mg-2Ag
group (33.34 + 4.4%) had non-significantly (p = 0.21) lower
average BV/TV compared to the control group (47.23 + 10.34%).
For Mg-10Gd, the blood pre-incubated group (44.54 + 1.72%)
had non-significantly (p = 0.41) lower average BV/TV compared
to the control Mg-10Gd group (51.29 + 9.83%) at 6 months. In
the same way, the blood pre-incubated Mg-10Gd group (27.87 +
5.53%) had non-significantly (p = 0.94) lower average BV/TV
compared to the control group (29.28 + 24.32%) at 9 months.
Similarly, blood pre-incubated Mg-4Y-3RE group (46.17 =+
5.15%) had slightly non-significant (p = 0.92) lower average
BV/TV compared to the control Mg-4Y-3RE group (47.44 +
14.82%) at 6 months and at 9 months, the blood pre-incubated
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Mg-4Y-3RE group (42.41 + 5.11%) had non-significantly (p =
0.88) lower BV/TV compared to the control Mg-4Y-3RE group
(44.41 + 5.11%).

3.2.3 Bone implant contact between Mg-10Gd,
Mg-4Y-3RE and Mg-2Ag screws and the
surrounding bone

The results of BIC within a VOI of 300 um around the screws
are presented in Figure 6B. At 6 months, Mg-10Gd (57.60 +
12.21%) had the highest mean BIC followed by Mg-2Ag (49.30 +
13.55%) while Mg-4Y-3RE (44.49 + 15.71%) had the least mean
BIC. The differences in mean BIC among the screw types were
not significant (p > 0.05). At 9 months, the mean BIC for all screw
types was above 50% with Mg-2Ag (55.97 + 15.93%) having the
highest BIC followed by Mg-10Gd (54.75 + 16.28%) while Mg-
4Y-3RE (51.73 + 11.48%) had the smallest BIC. Again, the
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Mg-10Gd 6 months

10.3389/fbiom.2022.925471

FIGURE 4

2D histological slides of Mg-10Gd, Mg-4Y-3RE and Mg-2Ag stained with toluidine blue after 6 months of implantation. Residual metal (red

arrows) shown as black areas can be seen for all screw types.

differences in mean BIC were not significant (p > 0.05) among all
the screw types.

3.2.4 Effect of blood pre-incubation of
magnesium alloys on bone implant contact

In Figure 7B, the result of pre-incubating the screws with
blood on BIC over time is displayed. Overall, at 9 months the
mean BIC among the blood pre-incubated group was higher than
the control group for all screw types except Mg-4Y-3RE which
almost remained unchanged relative to the control group. At
6 months, the mean BIC of blood pre-incubated Mg-2Ag was
(53.90 + 17.52%) while that of the control group was (44.70 +
9.41%). The average BIC was not significant (p = 0.61) among the
two groups. However, at 9 months, the blood pre-incubated
group had significantly (p < 0.05) higher BIC (69.53 + 6.54%)
compared to the control group (42.40 * 6.28%). For Mg-10Gd
screws, the blood pre-incubated group had slightly non-
significant (p = 0.97) higher mean BIC (57. 81 + 19.03%)
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compared to the control (57.39 + 3.23%) at 6 months.
Similarly, at 9 months the blood pre-incubated Mg-10Gd
group had non-significantly (p = 0.75) higher BIC (52.76 +
20.58%) than the control group (44.66 + 17.16%). However, at
6 months, lower mean BIC was recorded for coated Mg-4Y-3RE
blood pre-incubated group (35.51 + 15.49%) compared to the
control group (53.46 + 11.64%). The difference between the
mean values was not significant (p = 0.24). At 9 months the mean
BIC was almost similar between the blood pre-incubated Mg-4Y-
3RE group (51.61 + 14.57%) and the control group (51.86 +
10.83%). There was no statistically significant difference between
the two groups (p = 0.99).

3.2.5 Volume of degradation layer

In Figure 6C, the result of the 3D volume analysis is
displayed. The volumes of the remnant screws generally
decreased over time except for Mg-4Y-3RE screws which
remained almost steady over time. At 6 months, Mg-2Ag
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Mg-10Gd

1 mm

FIGURE 5

Mg-4Y-3RE

10.3389/fbiom.2022.925471

uCT slice

Exemplary uXRF maps of Mg-10Gd, Mg-4R-3RE and Mg-2Ag screws after 9 months of implantation.

(2.33 + 0.55 mm’) displayed a significantly smaller (p < 0.05)
mean volume compared to Mg-4Y-3RE (4.84 + 0.33 mm®) and
Mg-10Gd (4.70 + 0.20 mm®). The same trend was seen at
9 months, where Mg-2Ag (140 + 0.55mm’) still had a
significantly (p < 0.05) smaller mean volume compared to
Mg-4Y-3RE (490 + 028 mm’) and Mg-10Gd (4.56 =
0.46 mm?®). The initial screw volumes of all screw types are
included in the boxplot ( ).

Based on our applied analytical methods to evaluate the long-
term bone response to binary and ternary Mg-based implants,
the bone tissue reacted similarly to all screw types at both
implantation times. The disintegration of Mg-2Ag precipitated
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bright spots, which could be assumed as Ag-oxides (13)
( ). Also, high X-ray absorbing areas, which are
probably GdH,, were seen in Mg-10Gd degradation products
(13)( ). It is also probable that the bright spots in Mg-4Y-
3RE degradation products are Nd and Y precipitates (13)
( , 4). Intermittent micro cracks were seen in Mg-
10Gd and Mg-4Y-3RE degradation products, which could be
indicative of brittleness caused by repetitive loading over the
course of their implantation. A considerable amount of bone
> 4).
The average BV/TV at 6 months was above 40% for all screw

surrounded the screws at both implantation times (

types and remained almost steady for Mg-4Y-3RE and Mg-2Ag
at 9 months but slightly decreased for Mg-10Gd. In our previous
short and mid-term study, Galli et al. has reported fibrous tissue
encapsulation around Mg-2Ag at 1 month and observed
unmineralized bone around Mg-2Ag later at 3 months (50).
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On the contrary, in our current studies that focused on the long-
term evaluation, the bone around the Mg-2Ag displayed matured
morphology like the bone surrounding Mg-10Gd and Mg-4Y-
3RE screws. This implies that, the screw types induced a similar
osteogenic effect on the bone in the long term. For all screw types,
the BIC recorded was above 40%, with Mg-2Ag and Mg-4Y-3RE
screws showing slightly higher values at 9 months than 6 months.
This indicates that the screws were anchored in the bone despite
the occurrence of degradation. However, Mg-10Gd had a slightly
reduced BIC at 9 months compared to 6 months but it is not
enough grounds to conclude that BIC is compromised especially
because of the observed intimate contact between the Mg-10Gd
screws and the bone at both healing times (Figures 2, 4). It is
worthwhile to point out that the osteotomy gap was completely
bridged already at 6 months indicating that the screws were well
encapsulated in the surrounding bone. A similar observation was
reported by Kriiger et al. at 3 months where Mg-5Gd and Mg-
10Gd implants were well anchored in their surrounding bone
without any gap between the implants and the bone at the bone
implant interface compared to PEEK implants (30). This shows
that improvement of osseointegration can be achieved with Mg-
based the
disintegration of Mg-2Ag wupon degradation did not

implants. Remarkably, in our investigation,
compromise the bonding with the surrounding bone although
it seems its mechanical competence could be compromised due
to the severity of the degradation. A contradictory observation
was reported by Galli et al. where already at 3 months, BIC
among Mg-2Ag screws was sparsely in contact with bone with an
average value below 10% (50). We can hypothesize that at the
shorter healing times of 1 and 3 months faster changes were
occurring in the degrading Mg-2Ag screws, not allowing a stable
interface for the bone to be deposited and mature in contact with
these screws. At the longer healing times we observed, the
formation of more stable degradation layers which probably
constituted an anchorage for bone formation and maturation.
Our results indicate that Mg-2Ag was per se non toxic for the
bone, but was probably its degradation modality that was not
beneficial for initial bone integration. However, their findings on
Mg-10Gd and Mg-4Y-3RE align with the current study where the
screws were well integrated in the surrounding bone.

Galli et al. also reported highest in vivo degradation rate for
Mg-10Gd (1.15 + 0.19 mm/year) followed by Mg-2Ag (1.01 +
0.11 mm/year) and lastly Mg-4Y-3RE (0.82 + 0.10 mm/year) at
1 month observation period (50). As stated earlier, the
degradation rate could not be calculated in the current study
due to the similar density between the degradation layer and
residual screw. Calculating the degradation rate from uXRF maps
would be erroneous due to the inhomogeneity in the degradation
layer. However, a qualitative evaluation of the degradation
profiles of the screw types could be made based on the
appearances and volumes of their remnant screws at both
implantation times (Figures 2-4). It may be hypothesized that
Mg-10Gd and Mg-4Y-3RE degraded similarly because they
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exhibited similar morphology of the remnant screw where the
original screw shapes were maintained with comparable remnant
screw volumes at 6 and 9 months implantation times (Figures 2,
3). On the other hand, for Mg-2Ag, the shape of the remnant
screws were considerably altered (Figures 2-4) and the remnant
screw volumes at 6 and 9 months were significantly lower
compared to Mg-10Gd and Mg-4Y-3RE screws (Figure 6).
This could mean that Mg-2Ag degraded at a different rate in
comparison to Mg-10Gd and Mg-4Y-3RE. The morphologies of
the remnant screws presented in this study are consistent with
the findings of Galli et al. (50), except that, in their study, the
degradation layer of Mg-2Ag was loosely attached to fibrous
tissue. The alteration in the appearance of Mg-2Ag could be
attributed to its rapid degradation, which might have led to the
formation of smaller degradation layer and more soluble
degradation products in comparison to Mg-10Gd and Mg-4Y-
3RE. This assumption is based on an earlier report by Zeller-
Plumhoff et al. who reported that a fast degradation rate was
associated with a lower precipitation rate (51). Conversely,
Myrissa et al. recorded that Mg-10Gd degraded faster
compared to pure Mg and Mg-2Ag in vivo at 4 weeks
observation period (52). It is important to point out that the
observations from the references (50) and (52) were focused on
the early phase of implantation while our observations are
focused on the late phase of implantation (6 and 9 months).
Witte et al. also studied the differences in the degradation rate
among different magnesium-based implants and concluded that
when RE elements are added to Mg, the oxidation rate decreases,
leading to a slower degradation (27) which aligns with the
findings of the this study. The differences in reports between
short-term and mid- term evaluations of Mg-based alloys
reinforced the need for a long-term evaluation to obtain a
better insight on the in vivo temporal performance of Mg-
based implants.

By means of pXRF (Figure 5) we were able to qualitatively
assess and visualize the distribution of the elements in the
degradation layer, the surrounding bone and soft tissue after
9 months of implantation. Apart from the Gd, Y and Ag which
are unique to each screw type based on the alloying elements, the
constituent of the surrounding layer was detected as Ca and P
similar for all screw types at 9 months implantation times. In Mg-
4Y-3RE screws, the accumulation of Y only in the former implant
area was apparent. No visible Y was seen in bone nor the
surrounding soft tissue. On the other hand, Turyanskaya et al.
detected notably pronounced spreading and accumulation of Y
in the the
WZ21 implants at 1 month of implantation using uXRF

surrounding bone during degradation of
technique (53). In an in vitro corrosion test of Mg-Y alloys, Y
is said to be oxidized into yttrium oxide (Y,O3) upon migrating
to the metal surface of the alloy which is suggestive of the
accumulation of Y in the degradation layer (54). For Gd
distribution, a recent study by Peruzzi et al. used neutron

uCT to show that Gd remains localized in the degradation
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layer following the degradation of Mg-5Gd and Mg-10Gd
implants (55). Likewise, in the current study, we detected Gd
accumulation only in the former implant area. No Gd signal was
detected in the surrounding bone nor soft tissue. The situation is
quite different in the Ag maps of Mg-2Ag samples. Although the
Ag signal is only detected in the degradation layer, its
morphology appears disintegrated. Therefore, it can be
assumed that soluble Ag-complexes were formed upon
degradation which then migrated and were either excreted or
incorporated into the animal’s metabolism. This assumption is
based on the absence of Ag signal from the surrounding bone and
soft tissue.

The decrease of Mg in the degradation layer is contrasted with a
simultaneous elevation of Ca and P for all implant types which
indicates that Mg is progressively substituted by P and Ca in the
degradation layer. P and Ca are the two major constituents of
hydroxyapatite (Ca;o)PO; OH,) which form the inorganic
component of bone. Under physiological conditions, PO,* and
Ca* ions are known to precipitate on Mg-based implants via
biomineralization processes (56). Thus, the presence of P and Ca
in the degradation products of all implant types is indicative of the
biocompatible effect of the investigated Mg-based screws. Also, the
uXRF maps (Figure 5) confirm the presence of S in the degradation
layers of all screw types and the surrounding bone and soft tissue
which is indicative of the presence of proteins. For example, there is
evidence of formation of Y-protein complexes after intravenous
administration of Y (57). The signal intensity of S in Mg-2Ag
appears brighter than that observed in Mg-10Gd and Mg-4Y-3RE
degradation products which might mean that there is an occurrence
of higher binding of proteins to Ag due its disintegration (48,49).
Helmholz et al. also reported the formation of Ag-S agglomerates in
the degradation layer of an in vivo study involving Mg-2Ag (58).
From the histological slides (Figure 4), the evidence of formation
protein complexes in the degradation layer of all screw types could
also be ascertained. The degradation layer of Mg-10Gd and Mg-4Y-
3RE both have similar purplish appearance which might indicate the
similar staining of proteins by toluidine blue. The Y-precipitates of
Mg-4Y-3RE screws seen in the SRUCT slides (Figure 2) can also be
seen in the histological data (Figure 4). Conversely, the degradation
layer of Mg-2Ag screws is brown in the histological data (Figure 4)
which coincides with the high signal intensity of their corresponding
S maps. This observation might support the notion of higher protein
binding in the degradation layer of Mg-2Ag.

We also investigated the effect of blood pre-incubation of the
three Mg alloys (Mg-10Gd, Mg-4Y-3RE and Mg-2Ag) on their in
vivo biocompatibility against the control group of the respective
alloys. We have recorded lower mean BV/TV (Figure 7A) in the
blood pre-incubated group compared to the control group of all
screw types at both 6 and 9 months implantation time. Notably, at
6 months, the lower mean BV/TV of blood pre-incubated Mg-2Ag
group compared to the control group was significant (p < 0.05). At
6 and 9 months, the blood pre-incubated group had higher mean
BIC compared to the control group of all screw types except Mg-4Y-
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3RE (Figure 6B). The higher mean BIC of Mg-2Ag blood pre-
incubated group compared to the control group was significant (p <
0.05) at 9 months. As previously stated, proteins get adsorbed on the
surfaces of biomaterials upon contact with blood (17) which then
affect the biological response and the biocompatibility of the
material (19). For Mg alloys, adsorbed proteins are known to
improve their corrosion resistance and cell adhesion (15,21,25).
There is evidence that adsorbed proteins on biomaterials can
undergo changes in their conformational structures over time
which in turn impacts the biomaterials through the modulation
of cell behavior (59,60). A recent study by Romero-Givalan et al. also
confirmed that adsorbed proteins undergo changes over time (18).
Therefore, it can be assumed that the adsorbed protein layer on the
screws also underwent structural changes, in the long-term. Also, the
probable interaction between Mg ions and the protein layer cannot
be undermined. It can further be assumed that the reduction in the
Mg content over time following degradation of the screws might
have modified the adsorption kinetics to favor cell attachment.
Protein adsorption to a material can be done with either a single
protein such as bovine serum albumin (BSA) or with a multiprotein
solution such a blood plasma. In vitro results are mostly based on
single proteins, therefore, do not fully approximate the reaction
observed for implanted biomaterials. It is also worthwhile to
mention that surfaces vary in the selectivity of adsorption and
the biological activity of the adsorbed proteins also varies among
different surfaces, which accounts for the variable results among the
screw types.

While our study successfully evaluated the long-term in vivo
behavior, the distribution of degradation products as well as the
influence of blood pre-incubation on three Mg-based alloys (Mg-
10Gd, Mg-4Y-3RE and Mg-2Ag), a few open questions still exist.
The time points in this study were limited to 6 and 9 months post
implantation. Although we have shown in this study that, Y and Gd
accumulate in the degradation layer, it is not clear how and for how
long these degradation products remain in the degradation layer.
Therefore future scope for biodegradable Mg implants research
should focus on longer implantation times to monitor the evolution
of the degradation products. This will give more understanding of
whether the Gd and Y accumulations are permanent. A qualitative
evaluation of the constituents of the degradation products was done
in the current study. It would be worthwhile for future studies to
quantitatively evaluate the long-term osseointegration of Mg
degradation products to give an in-depth insight on the turn
over of the degradation products. The current study offered
valuable information on the long-term in vivo behavior of Mg-
alloys, which is indispensable regarding alloy selection in
biodegradable Mg-based implant development pathway.

5 Conclusion

In this study, the long-term effect of three different types of Mg-
based alloys on bone were investigated using SRuCT, histology, and
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uXRF. Utilizing the combination of these analytical methods we
conclude that Mg-10Gd, Mg-4Y-3RE and Mg-2Ag exhibited a
similar long-term osteogenic response since there was no
statistically significant difference between the BV/TV and BIC
among the explants at 6 and 9 months. The alloy with the lowest
overall remnant screw volume was Mg-2Ag at both 6 and 9 months,
which might signify fast degradability and a possible impairment in
its mechanical properties. Blood pre-incubation significantly
improved BIC in Mg-2Ag screw at 9 months but significantly
retained lower BV/TV compared to the control at 6 months. We
have successfully demonstrated that Mg-10Gd, Mg-4Y-3RE and
Mg-2Ag promote osseointegration in the long-term with a similar
bone response based on our quantified parameters. However, Mg-
2Ag presented a different degradation dynamic from that of Mg-
10Gd and Mg-4Y-3RE. The latter two alloys show the formation of
insoluble degradation products preserving the shape of the initial
implant. In contrast, Mg-2Ag shows a stronger reduction in the
screws shape and fewer degradation products which might implicate
less stable degradation products. Thus, we have consequently shown
that short-term and mid-term in vivo investigations do not fully
represent the complete degradation performance during the lifetime
of such implants. Comparing our previous short and mid-term
studies with our current long-term study, we have shown that these
Mg alloys degrade in the long run into products that are very well
tolerated by the body, hence they osseointegrate. Unfortunately, Mg-
2Ag does that by going through an intense modification at the
beginning, which makes it not very suitable for certain applications.
Mg-10Gd and Mg-4Y-3RE corroded at a similar rate than Mg-2Ag
and forms stable solid products, thus they osseointegrate well already
at short time, while Mg-2Ag corrodes into products that are less
stable, and cause fibrous reaction at first, then it stabilizes, because
probably the degradation layer become more apatite-like, and at that
point it osseointegrates. Furthermore, the RE elements Gd and Y
used in the alloys remained at the implantation site. This finding
could possibly imply that Gd and Y probably remained in the
degradation layers, either in the apatite-like structure or in other
solid by-products of the degradation. In the situation we have
followed so far, up to 9 months, they did not show to induce
local or systemic toxicity based on our qualitative evaluations.
However, their prolonged presence in the degradation layers
might implicate that these elements could be released later on, if
the degradation layers of the Mg alloys will be further dissolved at
later stages or they might persist in the implantation site forever. In
general, these elements if not in the form of ions have not shown
toxicity effect, but we cannot exclude that they will be released in the
ionic form at later stages, and thus they could still pose toxicity risk
in the future. Future scope for biodegradable Mg implants research
should focus on even longer implantation times to better understand
the evolution of the degradation products, their local and systemic
effects as well as their mechanical integrity. Also, as adsorbed
proteins undergo conformational changes over time, future
studies should focus on comparatively investigating the early
conformation of proteins adsorption on Mg alloys in vivo in
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short, mid and long-term studies as well as their effect on the
degradation of Mg alloys.
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