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further investigated. In this study we are presenting the first quantitative comparison of the bone ul-

Keywords: trastructure formed at the interface of biodegradable Mg-5Gd and Mg-10Gd implants and titanium and
Biodegradable magnesium implants PEEK implants after 4, 8 and 12 weeks healing time using two-dimensional small angle X-ray scattering
Bone ultrastructure and X-ray diffraction. Differences in mineralization, orientation and thickness of the hydroxyapatite are
Bone-implant interface assessed. We find statistically significant (p < 0.05) differences for the lattice spacing of the (310)-reflex

of hydroxyapatite between titanium and Mg-xGd materials, as well as for the (310) crystal size between
titanium and Mg-5Gd, indicating a possible deposition of Mg within the bone matrix. The (310) lattice
spacing and crystallite size further differ significantly between implant degradation layer and surround-
ing bone (p < 0.001 for Mg-10Gd), suggesting apatite formation with significant amounts of Gd and Mg
within the degradation layer.

Statement of significance

Biodegradable Magnesium-based alloys are emerging as a viable alternative for temporary bone implant
applications. However, in order to understand if the degradation of the implant material influences the
bone ultrastructure, it is necessary to study the bone structure using high-resolution techniques. We have
therefore employed 2D small angle X-ray scattering and X-ray diffraction to study the bone ultrastructure
surrounding Magnesium-Gadolinium alloys as well as Titanium and PEEK alloys at three different healing
times. This is the first time, that the bone ultrastructure around these materials is directly compared and
that a statistical evaluation is performed. We found differences indicating a possible deposition of Mg
within the bone matrix as well as a local deposition of Mg and/or Gd at the implant site.
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1. Introduction

Biodegradable implants are emerging as a viable alternative to
the widely used titanium implants in cases where the implant is
not intended for permanent use in the body and thus requires a
second surgical intervention for removal. In the case of biodegrad-
able bone implants, the implant is degrading within the body,
whilst new bone tissue is formed around it. Magnesium (Mg)
in particular is a promising candidate for biodegradable metal
implants due to its mechanical properties which are more similar
to bone than conventional implant metals and the fact that Mg
occurs naturally within the body [1]. The degradation rate of
magnesium alloys can be tailored, depending for example on the
choice of alloying elements, the material microstructure, surface
geometries and treatments [2-4].

Many studies have looked at the in vitro degradation of differ-
ent Mg alloys, with and without cells [4-9], some have also taken
the in vivo degradation into account [4,8,9]. The degradation layer
of Mg and its alloys in vivo and in vitro in cell media contains
both Calcium and Phosphate, which indicates apatite formation
[6,9]. However, up to date few studies have looked at the bone
formation around the biodegradable implant, both on a micro-
scopic and ultrastructural level. Bone is a hierarchical material,
whose ultrastructural building blocks are fibrils, which make up
the osteon lamellae [10]. The fibrils have a composite structure
formed by type I collagen and hydroxyapatite crystal platelets
(HAP) [10-12]. The platelets measure around 3 x 25 x 50 nm
[11,13,14], but vary with certain conditions such as age [15]. The
HAP crystal is of hexagonal lattice structure with a = =b = =94 A
and ¢ = 6.8 A [16]. Within the bone, the HAP c-axis aligns parallel
to the long axis the collagen fibers [17,18]. The bone ultrastructure
can be studied with various techniques [19], namely small angle
X-ray scattering (SAXS) and X-ray diffraction (XRD), which reveal
platelet orientation and thickness and crystal size and lattice spac-
ing for particular crystal reflexes, respectively [19]. These are the
parameters that determine the bone quality and the mechanical
properties of the bone matrix. In osteogenesis imperfecta where
bone strength is impaired it has for example been shown that HAP
platelets are distinctly smaller and of different composition [20].

Griinewald et al. in particular have used high-resolution SAXS
and XRD and micro X-ray fluorescence (uXRF) to investigate the ul-
trastructure and chemical make-up of the bone surrounding Mg al-
loys ZX50 and WZ21, suggesting the coinciding of Mg accumulation
around blood vessels and osteocyte lacunae with HAP lattice con-
tractions [21]. Using lower resolution SAXS Griinewald et al. have
further shown a temporary decrease in platelet thickness in the
newly forming bone around WZ21 alloy, which normalizes with
increasing healing time [22]. However, the studies presented by
Griinewald et al. lacked comparison to widely used implant ma-
terials, such as titanium and polyether ether ketone (PEEK) and
consisted of a qualitative rather than quantitative comparison. The
ultrastructure of bone surrounding titanium implants was investi-
gated by Hoerth et al. [23] and Biinger et al. [24], however, due to
the permanent nature of the implants, the time-dependency of the
bone ultrastructure was not taken into account.

In this study we are presenting the first quantitative com-
parison of the ultrastructure development of bone surrounding
non-degradable implant materials already used in the clinic (tita-
nium, PEEK) and biodegradable implants made from Magnesium-
Gadolinium alloys (Mg-xGd, where x denotes the Gd weight
percentage) for healing times of 4, 8 and 12 weeks. The Mg-xGd
alloys were chosen in particular, as Gd enhances the mechanical
properties of Mg [3] and results in slower degradation rates in
vitro until a weight percentage of 10 is reached [3,8,9]. Mg-10Gd
implants have further been found to result in relatively high bone-
to-implant contact, thus indicating good osseointegration [25].

2. Materials and methods
2.1. Material processing

Slotted grub screws were manufactured from extruded Mag-
nesium alloys with two different weight percentages (wt%) of
Gadolinium, i.e., 5 wt% and 10 wt%, denoted Mg-5Gd and Mg-
10Gd, as previously published [26]. The screws were 4 mm long,
2 mm in diameter, and had an M2 thread. PEEK and Titanium
screws purchased from Promimic AB (Mdlndal, Sweden) were used
as reference materials.

2.2. Animal experiments

The animal experiment was conducted after ethical approval
by the ethical committee at the Malm&/Lund regional board for
animal research, Swedish Board of Agriculture, with the approval
number DNR M 188-15. 30 Sprague Dawley adult male rats
were used for this study. The animals were anesthetized with
an intraperitoneal dose of Fentanyl 300 pg/kg + Dexmedetomidin
150 pg/kg and then the legs were shaved and disinfected with
chlorhexidine ethanol solution 0.5 mg/ml (Klorhexidinsprit; Fre-
senius Kabi, Uppsala Sweden). The area of the tibiae was infil-
trated with 1 ml of local anaesthetic and then a full thickness flap
was elevated to expose the tibia metaphysis. An osteotomy was
created in the area of the tibial metaphysis of each tibia with a
round drill of 1.4 mm diameter and then enlarged with a cylindri-
cal bur of 1.6 mm diameter, under constant irrigation with sterile
saline. Thereafter, the osteotomies were tapped and screws were
implanted with a manual screwdriver. Each rat received 2 screws,
one in the left and one in the right tibia. The rats received ei-
ther two Mg-based screws (one Mg-10Gd and one Mg-5Gd) or
two non-Mg screws (PEEK and Ti), and the allocation was ran-
dom. The flap was then sutured with a resorbable Vycril 4.0 su-
ture in the muscular layer and a silk suture in the skin. An anal-
gesic dose of Buprenorfin of 0.01-0.05 mg/kg (Temgesic, Indivior
Europe Limited, Dublin, Irleand) was given. The rats were housed
in cages in groups of 2 or 3 animals each. They were fed ad libitum
and anti-inflammatory medications were administered the day af-
ter the surgery. Overall, 18 rats were implanted per material group
and time point, i.e. 108 animals overall.

2.3. Sample processing for imaging

After 4, 8 or 12 weeks of healing the rats were euthanized by
a lethal dose of anaesthetic. After the rats were sacrificed, the legs
were dissected to extract the tibia and then cylindrical or box-
shaped explants with a diameter/width of 5 mm were cut from
the rat's femur with rotating burs under irrigation. The samples
were dehydrated in increasing concentration of ethanol and then
they were critical point dried for high-resolution computed tomog-
raphy experiments. The bone-implants blocks were subsequently
rehydrated and embedded in methylmetacrylate by LLS Rowiak
LaserLabSolutions GmbH (Hanover, Germany). For the present ex-
periment, explants originating from 30 rats were randomly chosen.
Namely, 9 rats sacrificed at 4 weeks, with 3 Mg-10Gd, 3 Mg-5Gd,
3 Ti and O Peek; 10 rats sacrificed at 8 weeks, 2 Mg-10Gd, 3 Mg-
5Gd, 3 Peek, 2 Ti; and 11 rats sacrificed at 12 weeks, 3 Mg-10Gd, 3
Mg-5Gd, 3 Peek, 2 Ti. The embedded explants were cut into halves
along the implant long axis using a 0.2 mm diamond band saw
(Exakt Saw 300 CL, Exakt Technologies, Inc. OK, USA). Subse-
quently, one half was processed by LLS Rowiak for X-ray scattering
experiments by laser cutting. Three to five thin sections of 10 um
thickness were cut using laser cutting and mounted on kapton
tape.
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Fig. 1. Exemplary histological thin section of a Mg-5Gd implant after 12 weeks of healing time stained with toluidine blue. The red-boxed subfigure shows a zoom into the
scanned region of 90 pym x 90 pm in the corresponding thin section of the sample mounted on kapton tape. The rectangular scanned region is clearly discernible due to the
damage the focused X-ray beam causes within the kapton tape. An exemplary map of the computed (310) lattice spacing for this region is displayed within the black box. A
difference in lattice spacing between the degradation layer of the screw (upper left corner) and the bone (right hand side) is visible. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

2.4. Small angle X-ray scattering and X-ray diffraction experiments

Experiments were performed in two separate beam times at
the P03 nano-focus end station [27,28] at the PETRA Il storage
ring, Deutsches Elektronen-Synchrotron (DESY). The X-ray energy
was set to 12.8 keV and 13.7 keV, respectively. A Pilatus 1 M
detector (DECTRIS Ltd., Baden-Daettwil, Switzerland) at a distance
of approximately 2.24 m behind a flight tube was used to obtain
the SAXS signal and a LAMBDA 750k detector (X-Spectrum GmbH,
Hamburg, Germany) was placed at an angle next to the flight
tube at a distance of approximately 18-19 cm to the focal point
to record the XRD signal. Calibration of the XRD detector was
performed using lanthanum hexaboride, whilst the SAXS detector
was calibrated using silver behenate. Regions of 90 pm x 90 pm
were scanned with a step size of 2.88 pm. Exposure times were
set to 5 (at 13.7 keV) and 10 (at 12.8 keV) seconds, respectively.
Using a custom-build frame, 7 samples on kapton tape were
mounted simultaneously. Fig. 1 displays an exemplary histological
thin section of a Mg-5Gd implant after 12 weeks of healing time.
The red-boxed subfigure shows a zoom into the scanned region in
the corresponding thin section of the sample mounted on kapton
tape. As the laser cannot penetrate the metal, only degradation
layer and bone are cut and transferred onto the kapton tape.
The rectangular scanned region is clearly discernible using light
microscopy due to the damage the focused X-ray beam causes

Table 1
Number of regions at implant interface scanned per material and healing time.
Healing time

Implant material 4 weeks 8 weeks 12 weeks Total
Mg-10Gd 4 4 6 14
Mg-5Gd 4 4 4 12
PEEK - 6 3 9
Titanium 7 9 6 22
Total number of scanned interface regions: 57

within the kapton tape. An exemplary map of the computed (310)
lattice spacing for this region is displayed within the black box. It
can be excluded that the radiation damage had any influence on
the results as multiple exposures at one spot on the samples did
not show any change in the scattering pattern. Furthermore, using
microscopy it can be shown that bone structure and the damaged
areas are situated in different focal planes.

Table 1 shows the number of regions from the bone-implant in-
terface that were imaged per material and time point, with 57 re-
gions being scanned overall. The regions to be scanned were iden-
tified using an in-line microscope. They were selected to contain
the bone-implant interface, which could be identified based on the
thread morphology of the in-grown bone (see red box Fig. 1), but
placed randomly within the whole of the interfacial region. Ad-
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ditionally, one region of cortical and trabecular bone each were
scanned as comparison for each material (two cortical regions
for titanium). Due to delays in sample processing, no samples of
PEEK at the 4 week time point were processed for SAXS and XRD
measurements.

2.5. Data processing

Data processing prior to and including azimuthal integration
was performed using DAWN Science (Diamond Light Source) [29].
In particular, dead pixels were removed from the SAXS data using
a geometric mask, the g-range was calibrated using the obtained
calibration data. In the case of the XRD data hot pixels were
removed using a threshold set to an intensity of 1000 a.u. and the
g-range was calibrated with the respective calibration data. Both
data sets were then integrated azimuthally and stored into text
files for further processing with Matlab R2017b (The MathWorks
Inc., USA). The platelet thickness was computed from the SAXS
data using the stack of cards model [30]. The HAP orientation can
be computed from the SAXS signal as HAP c-axis and collagen
fibers are aligned in parallel, thus resulting in an anisotropic SAXS
signal. Therefore, a sine wave was fitted to the SAXS signal initially
and refined using a Gaussian curve to estimate the exact position
and the area of the peak. The degree of orientation was computed
by the ratio of the integrated signal intensity of the Gaussian sum
of the total area incl. the background [31]. This factor thus gives
the fraction of the oriented material and ranges between 0 (no
preferential orientation) and 1 (fully ordered), i.e. a value of 0.2
indicates that 20% of the material in the probed area is oriented
in the same direction. The lattice constant for the (310) reflex of
hydroxyapatite was computed from the XRD data via the peak
position of a Gaussian fit and the crystal width was computed
using the Scherrer equation [32]. We decided to focus on the (310)
reflection as this was strongest one in our detectable XRD range
as the setup was optimized for SAXS. See Fig. 2 for a schematic of
the computed parameters.

For the subsequent analysis, the scanned regions were identi-
fied within the thin section mounted on kapton tape using light
microscopy. Using Avizo 9.4 (FEI SAS, Thermo Scientific™, France)
the regions were segmented into bone, degradation layer and back-
ground via visual comparison with the optical image. Fig. 3 shows
the segmented image for the scanned region depicted in Fig. 1. The
average of each computed parameter was then determined for the
pixels identified as bone for each region. For comparison, mean lat-
tice spacing and crystal width were also determined for the region
area defined as degradation layer. The divergence of the orienta-
tion for each scanned region was computed using Matlab to as-
sess the similarity of orientations between different pixels within
this region. The lower the divergence, the more similar the orien-
tations. The gradient function in Matlab was used to determine the
surface orientation of the bone. It was then compared to the HAP
orientation using Matlab. Subsequently, Matlab was also used to
perform the final analysis (means and standard deviations) of all
determined parameters.

3. Statistical methods

From each scanned region, the mean of each computed param-
eter was determined. For the regions of the corresponding material
and time point, the overall mean value and standard deviation
of these means were then computed. These are displayed in the
graphs to follow. A one-way analysis of variance (ANOVA) with a
Bonferroni correction was conducted to determine statistically sig-
nificant differences between the parameters at the bone-implant
interface for the different implant materials overall (p,;) and for

each healing time (p4, pg, p12). le., for p, the values for a pa-
rameter of the 4 week interface regions were compared, whereas
for p, the values of all time points of the interface regions were
taken into account. Additionally, for each material, the computed
parameters at each time point were compared against each other
and against trabecular and cortical regions, respectively. The cor-
responding p-values are denoted e.g., by pri.4g when the 4 and 8
week time points in titanium are compared, O Pscg.12ap When
12 week time point and trabecular region of bone surrounding
Mg-5Gd implants are compared. For legibility, any determined
significance was not highlighted in figures but only within the text.

4. Results

Fig. 4 shows maps of the different computed parameters, i.e.,
HAP orientation and degree of orientation (Fig. 4(a)), HAP platelet
thickness (Fig. 4(b)), (310) lattice spacing (Fig. 4(c)) and crystallite
size (Fig. 4(d)) for the exemplary region highlighted in Fig. 1.

Differences in the parameters can be seen between the up-
per left corner, in which a part of the implant degradation layer
is visible and the right hand side of the region, which contains
bone. Furthermore, the bone appears inhomogeneous, in particu-
lar with respect to orientation. The fit of the stack of cards model
designed to determine the platelet thickness becomes untrustwor-
thy within the degradation layer and near the implant interface
and has therefore been excluded from the figure and the analysis
in these instances.

In the following, we are presenting the quantitative evaluation
of all 57 scanned interface regions and 8 trabecular and cortical
references.

4.1. Hydroxyapatite platelet orientation

Fig. 5(a) shows the degree of orientation in the bone surround-
ing titanium, PEEK, Mg-5Gd and Mg-10Gd implants for 4, 8 and
12 weeks healing times and in reference regions in trabecular and
cortical bone averaged over the respective regions. To determine
how similarly the platelets were aligned, the mean divergence of
the orientation map was computed for each region, see Fig. 5(b).
Furthermore, the difference between bone interface orientation
and HAP orientation at the interface was computed (Fig. 5(c)).
There is no significant difference in degree of orientation between
the materials and healing times. However, there is a trend show-
ing that the degree of orientation in bone surrounding titanium
implants is higher (0.11-0.19) than that around PEEK (0.05-0.13),
Mg-5Gd (0.04-0.07) and Mg-10Gd implants (0.04-0.13). The diver-
gence of orientation is significantly different over all time points
only between titanium and Mg-5Gd (p,; < 0.001). The general
magnitude of the divergence between 0.1 and 0.4 suggests a fairly
well ordered orientation map. However, a difference of 15°-50°
was found when comparing the bone surface orientation at the
implant interface to the HAP orientation at the interface, thus
indicating no preferential orientation of the HAP at the implant
surface. No significant differences were found for the evolution
of degree of orientation, divergence of orientation or difference in
surface to HAP orientation over time or between the trabecular
and cortical regions and interface regions.

4.2. Hydroxyapatite platelet thickness

The HAP platelet thickness was computed from the SAXS signal
and is displayed in Fig. 6. Overall, the mean platelet thicknesses
for each material and time point are in ranges between 23-46 A.
There were however no statistically significant differences between
materials, except between PEEK and Mg-10Gd at the 8 week time
point (PEEK vs. Mg-10Gd pg < 0.05). Furthermore, no significant
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Fig. 2. Explanatory schematic of the computed parameters. The degree of orientation and thickness of the hydroxyapatite platelets are shown as well as the crystal lattice

spacing and crystal size.
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Fig. 3. Segmentation example of scanned region displayed in Fig. 1 (Mg-5Gd im-
plant with 12 week healing time).

differences were found for the evolution of platelet thickness over
time or between the trabecular and cortical regions and interface
regions.

4.3. Lattice spacing

The lattice spacing for the (310) reflection of the HAP in bone
was computed from the XRD data, see Fig. 7(a). Similarly, the spac-
ing was computed within the degradation layer of the Mg-5Gd
and Mg-10Gd implant and compared to the bone signal, as shown
in Fig. 7(b). The computed lattice spacing of the (310) reflection
is significantly higher around a titanium implant than for Mg-xGd
implants (Ti vs. Mg-10Gd p,; < 0.001, Ti vs. Mg-5Gd p,; < 0.05).
The (310) reflection in bone surrounding PEEK implants, however,
differs neither significantly from bone surrounding Mg-xGd nor
titanium implants (Ti vs. PEEK p,; = =0.087). The lattice spacing

within the degradation layer as displayed in Fig. 7b further differs
significantly from that in bone for Mg-10Gd (p,; < 0.001). No
significant differences were found for the evolution of lattice
spacing over time or between the trabecular and cortical regions
and interface regions in the same material.

4.4. Crystal size

The crystal size was computed from the XRD signal of the (310)
reflection and is shown in Fig. 8(a) for different implant materials
and healing times. Fig. 8(b) shows the difference in crystallite size
between bone and degradation layer for Mg-5Gd and Mg-10Gd.
A significant difference is apparent between Mg-5Gd and titanium
surrounding bone (p,; < 0.01, pj; < 0.05), as well as between bone
and degradation layer for Mg-10Gd (p,; < 0.001). Whilst no sig-
nificant differences were found for the temporal evolution of crys-
tal size, bone surrounding PEEK showed a significant difference in
crystal size between 8 and 12 week time points and the scanned
cortical region (ppe-gcort < 0.05, Ppe-12,cort < 0.05).

5. Discussion
5.1. Hydroxyapatite platelet orientation

The mean degree of orientation of bone surrounding titanium
implants in this study is generally lower than that found previ-
ously for bone forming around intramedullary nails (0.22-0.25)
[23]. Bone surrounding Mg-based alloys was found to be in a sim-
ilar range, though slightly lower in newly formed bone in the im-
plant region after 15 months healing time [22]. However, previous
results lacked statistical power and the results shown in this study
show a large deviation even among the same material. Overall, it
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Fig. 4. Computed ultrastructural parameters for exemplary region from Fig. 1 (Mg-5Gd implant with 12 week healing time). (a) HAP platelet orientation (arrows) and degree
of orientation (color scale), (b) HAP platelet thickness, (c) (310) lattice spacing and d) (310) crystallite size.

appears that the mineralization of HAP around titanium implants
takes place in a more oriented way as the degree of orientation is
higher and divergence lower. The standard deviations are however
very large such that no statistical significance can be derived.

5.2. Hydroxyapatite platelet thickness

The computed mean platelet thicknesses for titanium of 32-
36 A are higher than those found in the literature, which ranged
between 20 and 25 A [23,24], this may be due to a use of different
animals, implantation sites and healing times (intramedullary nail
in rats after 8 weeks [23] and intervertebral disk space in pigs af-
ter 6 months [24]). On the other hand, the average thickness com-

puted for Mg-5Gd (27-36 A) and Mg-10Gd (25-32 A) is similarly
higher than that reported for other Mg-based alloys (19-23 A) [22],
which therefore shows a systemic but comparable difference.

5.3. Lattice spacing

The computed lattice spacing for the bone surrounding degrad-
able implants and PEEK (2.257-2.263 A for Mg-10Gd, 2.263-
2272 A for Mg-5Gd, 2.264-2.275 A for PEEK) is closer to that
recorded for HAP (2.26-2.27 A) [16,33,34], than the lattice spacing
measured in bone surrounding titanium implants (2.281-2.292 A).
A comparison of the (310) signal between bone at the implant

a) Degree of orientation b) 0.4 Divergence of orientation c) 1OOA surface and HAP orientation [°]
0.3 '
025 03 89
0.2 60
0.15 0.2
40
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Titanium  PEEK Mg-5Gd Mg-10Gd Titanium  PEEK  Mg-5Gd Mg-10Gd Titanium  PEEK Mg-5Gd Mg-10Gd

Fig. 5. (a) Degree of orientation, (b) divergence of orientation and (c) difference in surface and hydroxyapatite orientation at the surface surrounding titanium, PEEK, Mg-5Gd
and Mg-10Gd implants for 4, 8 and 12 weeks healing times and reference regions in trabecular and cortical bone. Results are shown as mean + standard deviation.
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Fig. 6. Hydroxyapatite platelet thickness in bone surrounding titanium, PEEK, Mg-
5Gd and Mg-10Gd implants for 4, 8 and 12 weeks healing times and reference
regions in trabecular and cortical bone. Results are shown as mean + standard
deviation.

interface and regions of degradation layer of Mg-xGd shows a sig-
nificant shift to a smaller lattice spacing in the degraded implant,
see also Figs. 1 and 3, which may be indicative of the formed
apatite including significant amounts of magnesium or gadolinium
instead of calcium within the degradation layer, in contrast to the
surrounding bone [21,35]. We note that the incorporation of Mg
or Gd is only deduced by the shift of the diffraction peak position.
As these changes are more pronounced in regions characterized
as degradation layer, this is the most reasonable explanation
which has also been observed by other authors [21]. This is in
agreement with previous in vivo studies that have shown that
whilst the degradation layer of Mg alloys does contain calcium and
phosphorus, Mg is also still visible within [9]. The difference in
lattice spacing between titanium, PEEK and Mg-xGd implants may
be a result of the different mechanical properties, in particular the
Young’s modulus, of the different implant materials. The Young’s
modulus of Mg-xGd alloys and PEEK (approx. 45 GPa [36] and
4 GPa [37], respectively) is more similar to that of bone [21,22]
and much lower than that of titanium (105-118 GPa [38]), thus
presumably resulting in a different fluid flow and thus mechanical
stimulus experienced by the surrounding osteocytes, which in turn
influences the mineralization of the new bone.

a)__, (310) d-spacing [A]

2.32|

2.3}

2.28} ]
2.26| ]
2.24| ]
2.22| ﬂ\

>? Titanium PEEK  Mg-5Gd Mg-10Gd

5.4. Crystal size

The crystal size of Mg-10Gd is in a similar range to that pre-
viously found for other biodegradable Mg alloys [21]. Changes in
the (310) crystal size of the HAP have been shown to correlate
with a deposit of Mg in the bone matrix, i.e. where normal lev-
els of Mg are found the crystal size ranges between 55 and 70 A
and in regions where an increase of Mg was seen the crystal size
dropped to 40-50 A [21]. Similarly, the crystal size has been shown
to decrease with increasing levels of Mg in synthesized Mg sub-
stituted HAP [39,40]. Whilst the crystallite size of Mg-5Gd and Ti
are significantly different, there is no such difference in compari-
son to PEEK, thus not yielding conclusive evidence that Mg or Gd
are deposited within the bone matrix. However, the HAP-like crys-
tal structure of the degradation layer of Mg-xGd screws is display-
ing a shift to lower (310) crystallite sizes and more so for a higher
Gd content, which is thought to be indicative of incorporation of
Gd into the corrosion product.

6. Conclusion

In the first study presenting a quantitative comparison of the
bone ultrastructure around biodegradable Mg-based alloys and
PEEK and titanium implants, we have shown that most of the
ultrastructural parameters, in particular the degree of orientation
and other orientation parameters, as well as the hydroxyapatite
platelet thickness, don't differ significantly between materials. The
(310) lattice spacing and crystal size however are impacted and dif-
fer significantly between bone surrounding titanium and Mg-based
alloys. This may indicate the possible deposition of Mg within the
bone matrix. Furthermore, analysis of the degradation layer of Mg-
xGd implants shows that whilst apatite formation can be observed,
its lattice spacing and crystal size differ significantly from that in
the surrounding bone. This may be due to the incorporation of Gd
into the apatite, which requires further investigation of the ele-
mental composition of the different regions. This is particularly rel-
evant, as Gd remains controversial in terms of its unknown health
impact [41,42], and a local deposition of Gd at the implant site
may be beneficial.

To determine whether the presented two-dimensional in-
vestigation of the ultrastructure is missing information, future
studies may employ three-dimensional techniques of imaging the
ultrastructure [43-45]. Additionally, methods determining element
composition need to be employed to support the hypothesis on Mg
and Gd incorporation resulting from this study. Furthermore, the

b) (310) d-spacing [A]

Il Bone
[ Deg. Layer |

Mg-10Gd
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2.35¢
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Fig. 7. Lattice spacing of the (a) (310) hydroxyapatite reflection in bone surrounding titanium, PEEK, Mg-5Gd and Mg-10Gd implants for 4, 8 and 12 weeks healing times
and reference regions in trabecular and cortical bone. (b) Comparison of the mean lattice spacing over all time points within implant degradation layer and bone of the (310)

reflection. Results are shown as mean + standard deviation.
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Fig. 8. (a) (310) crystallite size in bone surrounding titanium, PEEK, Mg-5Gd and Mg-10Gd implants for 4, 8 and 12 weeks healing times and reference regions in trabecular
and cortical bone. (b) Difference in (310) crystallite size for bone and degradation layer around Mg-5Gd and Mg-10Gd implants. Results are shown as mean + standard

deviation.

influence of the implant mechanical properties on the bone should
be investigated in more detail and compared to osseointegration
indicators on the micro- to millimeter scale (e.g., bone-to-implant
contact).
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