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Abstract

The magnesium alloy LAE442 showed promising results as a bone substitute in numerous studies in non-weight bearing
bone defects. This study aimed to investigate the in vivo behavior of wedge-shaped open-pored LAE442 scaffolds
modified with two different coatings (magnesium fluoride (MgF,, group I)) or magnesium fluoride/calcium phosphate
(MgF,/CaP, group 2)) in a partial weight-bearing rabbit tibia defect model. The implantation of the scaffolds was
performed as an open wedge corrective osteotomy in the tibia of 40 rabbits and followed for observation periods of
6, 12, 24, and 36 weeks. Radiological and microcomputed tomographic examinations were performed in vivo. X-ray
microscopic, histological, histomorphometric, and SEM/EDS analyses were performed at the end of each time period.
HCT measurements and X-ray microscopy showed a slight decrease in volume and density of the scaffolds of both
coatings. Histologically, endosteal and periosteal callus formation with good bridging and stabilization of the osteotomy
gap and ingrowth of bone into the scaffold was seen. The MgF, coating favored better bridging of the osteotomy gap and
more bone-scaffold contacts, especially at later examination time points. Overall, the scaffolds of both coatings met the
requirement to withstand the loads after an open wedge corrective osteotomy of the proximal rabbit tibia. However,
in addition to the inhomogeneous degradation behavior of individual scaffolds, an accumulation of gas appeared, so the
scaffold material should be revised again regarding size dimension and composition.
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Introduction

Autografts are considered the gold standard for the treat-
ment of bone defects due to their good biocompatibility.'-?
However, associated problems include limited availability
of donor bone, morbidity at the donor site, and possible
inadequate integration into the bone defect with subse-
quent prolonged hospitalization of patients.>

Other bone substitutes such as ceramics in the form of
hydroxyapatite and tricalcium phosphate, as well as poly-
mers, showed insufficient stability or biocompatibility in
the treatment of large bone defects.”!! For degradable
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orthopedic implants, attention was focused on magnesium
and its alloys, which showed promising results as solid
implants.'>!” For instance, screws made of magnesium
alloys are used in hallux valgus operations in human medi-
cine.'® In initial studies, various Mg alloys were also
investigated as bone replacement material in the form of
open-pored cylinders with promising results in the rabbit
model.'”2* Several studies have demonstrated that the
magnesium ions released during degradation have the
advantage of osteogenic and bactericidal effects.?*28

The disadvantage of using Mg-based implants and bone
substitutes is the formation of hydrogen gas during the
degradation process depending on the alloying compo-
nents.?*3! Controlling the rate of degradation is challenge-
ing.? To decrease the degradation rate of Mg-implants and
thereby reduce hydrogen production, different Mg-alloys
have been developed and investigated in animal experi-
ments.3%3273% The magnesium alloy LAE442 (4 wt.% lith-
ium, 4 wt.% aluminum, 2 wt.% rare earths) was found to be
promising and was intensively investigated as a solid
body.3%3*33 Porous cylinders of this alloy have also been
investigated as bone substitutes in non-weight bearing
cancellous bone defects and showed good biocompatibil-
ity with slow homogeneous degradation and promising
osseointegration.?! 23

To further increase corrosion resistance, both Mg solids
and bone substitutes are additionally coated.**>* MgF, has
been reported in the literature to improve corrosion proper-
ties and has shown to be very biocompatible 222273940
The use of an additional calcium phosphate (CaP) coating
on the MgF), layer even provided additional corrosion pro-
tection.!®374! It is further described that CaP improves the
activity of osteoblasts and promotes bone growth.?34>43 A
CaP coating exhibits a similar chemical component to the
mineral portion of mammalian bone and is characterized
by excellent biocompatibility.*+4¢

As the accessible literature currently lacks in vivo stud-
ies of porous LAE442 scaffolds as a bone graft substitute
in partial weight-bearing bone defects, this topic was
investigated in the present study. Previous in vitro studies
have shown sufficient strength of the alloy for this applica-
tion.”*7 In relation to this, specially designed wedges
were investigated in the context of an open-wedge correc-
tive osteotomy in the rabbit tibia.

Material and methods

Scaffold

A number of 40 wedge-shaped scaffolds (height=10mm,
width=14mm, depth=4.8 mm, Figure 1) were fabricated
from the magnesium alloy LAE442 (4wt.% lithium,
4wt.% aluminum, 2 wt.% rare earths) by investment cast-
ing with an interconnecting pore size of 500 um.3” All scaf-
folds were coated with a magnesium fluoride coating
(MgF,) using the “conversion coating” method.’” Half the

Figure |. View of the open-pored scaffold (LAE442, CaP
coated) with corresponding dimensions: (a) proximal view and
(b) lateral view.

scaffolds received no further coating (group 1, n=20) and
the other half of the scaffolds received a calcium phos-
phate coating directly onto the MgF, coating (CaP, group
2, n=20). The scaffolds were immersed into two solutions
(first solution: phosphatic solution containing sodium
dihydrogen phosphate dehydrate, pH 7.4; second solution:
calcium nitrate tetrahydrate) in various circles. The coat-
ings were produced according to the detailed description
by Julmi et al.’” With these manufacturing parameters, a
reproducible layer thicknesses of approx. 1-2um is
achieved on the surface of Mg implants, which has been
shown, for example, in earlier work by Seitz et al.*® As a
conversion layer, the layer is largely homogeneous on the
surface, but due to the chemical conversion process from
Mg(OH), to MgF, and especially due to the relatively high
roughness of the cast implant surface, local variations of
the layer thickness occur. The scaffolds were sterilized
with gamma rays (>25kGy, BBF Sterilisationsservice
GmbH, Kernen, Germany) before implantation. '

Animal model

The animal experiment (approval number: ROB 55.2-
2532.vet_02-18-125) was approved by the Government of
Upper Bavaria according to paragraph 8 of the Animal
Protection Act. A total of 40 female adult Zimmermann
rabbits (ZiKa Rabbit, Asamhof Kissing, Germany) with a
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Figure 2. T-plate (PEEK (polyetheretherketone)): (a) with corresponding dimensions and (b) intraoperative view on the tibia with

inserted scaffold, plate, and screws.

weight of 4.43 kg (=0.29kg) were used. The animals were
randomly assigned to four time groups (6, 12, 24, and
36 weeks). Six animals were used in each group. To reduce
the number of animals and to obtain an intermediate trend
after 24 weeks, two animals per coating group were addi-
tionally implanted and evaluated for this time point.

Surgery and euthanasia

Preoperatively, the animals received enrofloxacin (10 mg/kg,
Enrobactin®, CP-Pharma GmbH, Burgdorf, Germany) as an
antibiotic and meloxicam (0.3mg/kg, Meloxicam,
Rheumocam®, Albrecht GmbH, Aulendorf, Germany) orally
as pain prophylaxis. For induction of anesthesia, ketamine
(15mg/kg, Anesketin® 100mg/ml, Albrecht GmbH,
Aulendorf, Germany) and medetomidine (0.25mg/kg,
Dorbene vet® 1 mg/ml, Zoetis Deutschland GmbH, Berlin,
Germany) were administered intramuscularly. Anesthesia
was maintained after intubation with an isoflurane/oxygen
mixture. The surgical field was circularly shorn from the
greater trochanter ossis femoris to the distal tibia and asepti-
cally prepared. Intraoperative analgesia was provided with

fentanyl infusion (3 pg/kg, Fentadon®, 50 ug/ml, CP-Pharma
Handelsgesellschaft GmbH, Burgdorf, Germany).?? The rab-
bits were placed in the lateral position on the operating table
and the right leg was sterilely draped and positioned in slight
flexion to allow medial access to the proximal tibia. An
approximate 4 cm skin incision was made, and the transec-
tion of subcutaneous tissue and deep fascia was followed by
exposure of the medial collateral ligament. Cranial and cau-
dal muscles were held aside using Hohmann levers. Using an
oscillating saw under sterile water cooling (Colibri I, DePuy
Synthes®, Synthes GmbH, Oberdorf, Switzerland), a wedge-
shaped piece of bone corresponding to the size of the scaf-
fold was sawn out distally of the medial collateral ligament
with the aid of a template while preserving the fibula. While
stabilizing the bone defect with reduction forceps, the scaf-
fold was inserted with a precise fit. To hold the wedge in
position and to support the tibia, it was then fixed with a
custom-made T-plate (Figure 2(a)) made of non-absorbable
plastic (9mmX31mm, PEEK (polyetheretherketone),
RISystem AG, Landquart, Switzerland) and six titanium
screws (three proximal, three distal) (Cortex Screw Stardrive
@ 1.5mm, DePuy Synthes®, Synthes GmbH, Oberdorf,
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Figure 3. X-ray images in (a) craniocaudal and (b) mediolateral view post-op (the plate is generally not visible in radiodiagnostic

images).

Switzerland) (Figure 2(b)). The fascia was then adapted with
single staples and a continuous subcutaneous suture
(Monosyn violet 4/0, B. Braun Melsungen AG, Melsungen,
Germany). The skin was closed with single staples (Optilene
blue 4/0, B. Braun Melsungen AG, Melsungen, Germany).
Postoperative pCT and X-ray images were taken to check the
correct fit of the scaffold. As postoperative pain therapy,
buprenorphine (20 ug/kg, intravenously directly postopera-
tively, otherwise subcutaneously) (Bupresol®, 0.3mg/ml,
CP-Pharma Handelsgesellschaft GmbH, Burgdorf, Germany)
was given three times daily for 4days and meloxicam daily
until the fifth postoperative day. The animals were given daily
antibiotic prophylaxis with enrofloxacin until the fifth post-
operative day. Thereafter, the animals received metamizole
(Novaminsulfon — 1A Pharma® 20mg/kg, 1A Pharma
GmbH, Oberhaching, Germany) and meloxicam two to three
times daily if required. The animals wore a cervical collar for
10days and received Bene-Bac (Bene-Bac® Gel, 0.5 g/ani-
mal/day, Dechra Veterinary Products Deutschland GmbH,
Aulendorf, Germany) to support the digestive system during
this time. Clinical and orthopedic evaluations of the animals
were performed daily for 14days post-op and at regular
intervals thereafter. At the end of the observation period,
the animals were euthanized painlessly using pentobarbital
(Narkodorm® 200-800mg/kg, CP-Pharma, Burgdorf,
Germany). After harvesting the tibia including the fibula

and removing the soft tissue, the bone-implant samples
were extracted using a diamond band saw (cut-grinder,
Messner GmbH, Oststeinbek, Germany). The samples were
cut proximal and distal to the adjacent screws. Samples were
fixed in a 4% formalin solution for at least 5 days.

Radiological examination and evaluation

Radiographs of the hindlimbs (Multix Select DR,
Siemens Healthcare GmbH, Erlangen, Germany) in
craniocaudal (krkd) and mediolateral (ml) view were
taken at 2-week intervals until week 12 and every
4 weeks thereafter (Figure 3) with the setting of 54.9kV
and 4.5mAs. The evaluation was done using dicom-
PACS® software (version 8.3.20; Oehm und Rehbein
GmbH, Rostock, Germany). The parameters for scaffold
fit, screw position, scaffold degradation, callus forma-
tion at the osteotomy gap, gap between scaffold and
bone, and gas inclusions in the vicinity of the scaffold
were assessed descriptively.

In vivo uCT examination and evaluation

In vivo pCT scans (XtremeCT II, Scanco Medical, Zurich,
Switzerland) were obtained under sedation (medetomidine
0.25mg/kg and ketamine 15mg/kg) according to the
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Table I. Scoring system for uCT evaluation. Parameters were scored at each scan timepoint. The lowest value of 0 represents the

desired result.

Scoring parameter Score 0 I 2 3 4

Gas in the surrounding tissue None Diffuse (4 <Imm) Low grade Medium grade High grade
(9 <5mm) (9: 5-10mm) (2 < 10mm)

Gas in the medullary cavity None Diffuse (g <Imm) Low grade Medium grade High grade
(2 <2.5mm) (2 <5mm) (2 >5mm)

Osteotomy gap closed from the Complete >75% callus

outside (covered with callus) bridging (100%)

100% contact
surface between
bone and
scaffold, no gaps gaps

Scaffold integration (reoriented
scan)

>75% contact area
between bone and
scaffold, only minimal bone and scaffold, bone and scaffold, bone and scaffold,

>50% callus No or minimal
bridging via callus
tissue

No or slight

contact between

>25% callus

>25% contact
area between

>50% contact
area between
isolated gaps

larger gaps clear gaps

50 Slices

Figure 4. (a and b) lllustration of the five standardized cross-sections of the scaffold in the reoriented scan and (c) central
reoriented cross sections with directional positions: (1) medial, (2) proximal, (3) lateral, and (4) distal.

radiological examination interval. The scan area included
the proximal tibia including the scaffold and the implant.
The following settings were chosen: tube voltage 68kV,
current 1470 uA, 1000 projections/180°, integration time
250 ms, and isotropic voxel size 30.3 pm. The images were
evaluated descriptively, semiquantitatively and quantita-
tively by two observers using the uCT Evaluation Program
V6.6 software (Scanco Medical, Zurich, Switzerland).

Descriptive and semiquantitative evaluation of the uCT
examination. Scaffold shape and scaffold degradation
were descriptively evaluated in the original scan (trans-
verse plane). The semiquantitative evaluation was per-
formed by two observers using a scoring system (Table
1). Gas accumulation in surrounding tissues or in the
medullary canal (which were measured with the ruler
option of the evaluation software) and bridging of the
osteotomy gap with callus were evaluated in the trans-
verse plane. The scaffold scans were reoriented to evalu-
ate scaffold integration (bone-scaffold contacts) using
five standardized scaffold cross-sections in the sagittal
plane (Table 1, Figure 4).

Quantitative evaluation of the uCT examination. Scaffold
degradation was analyzed quantitatively at each scan time
point by calculating the volume and density of the scaf-
folds. A threshold of 146 was used for LAE442 according
to the literature.?!23

X-ray microscopy images

The scaffolds were scanned before implantation and after
explantation using an X-ray microscope (Zeiss Xradia 410
Versa, Carl Zeiss Microscopy GmbH, Jena, Germany).
Pre-implantation scans were obtained with a pixel size of
10 um, a voltage of 60kV, and an exposure time of 1.5s.
Explanted scaffold bone composites were scanned with a
pixel size of 6 um, a voltage of 50kV, and an exposure time
of 2s. The scans were generated using a flat panel and a
power of 4W. Using these high-resolution X-ray micro-
scope scans, the volumes of all scaffolds were analyzed
before implantation and at the end of each study period
and compared with the data from pCT. Volumes were cal-
culated with the pCT evaluation program V6.6 software
(Scanco Medical, Zurich, Switzerland) by using a
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Figure 5. Central histological cross-section containing
the measurement frame (2600 pixels X 1450 pixels) for
histomorphometric evaluation.

scan-specific threshold according to the half maximum
height (HMH) protocol.*

Histological examination and evaluation

After the formalin-fixated samples were scanned using the
X-ray microscope, they were dehydrated in an ascending
series of alcohol, defatted with xylene (Carl Roth GmbH,
Karlsruhe, Germany) and embedded in Technovit 9100
(Technovit® 9100, Heraeus Kulzer GmbH, Wehrheim,
Germany). 80 um histological sections as a longitudinal sec-
tions were produced using the cutting and grinding technique
according to Donath and Breuner.” The sections were made
using longitudinal cuts in the center of the plate in a medi-
olateral direction (Figure 5) with a diamond band saw and
then ground down to the appropriate thickness (cut grinder
and lap grinder, Messner GmbH, Oststeinbek, Germany).
Histological sections were surface stained with 0.1% tolui-
dine blue O (Waldeck, Miinster, Germany). Two central sec-
tions from the wedge center with adjacent cortical bone and
plate were evaluated descriptively, semiquantitatively and
quantitatively using an optical microscope (Axio Imager.Z2,
Carl Zeiss Microscopy GmbH, Jena, Germany).

Descriptive and semiquantitative histological evaluation. In
two sections per specimen, remodeling of the cortices, the
amount of callus and gas bubbles (which were measured
with the ruler option of the evaluation software), degrada-
tion of the scaffold and the bridging of the osteotomy gap
were assessed using a semiquantitative scoring system by
two observers at 2.5X magnification (Table 2). The pres-
ence of cartilaginous tissue, macrophages, foreign body
giant cells, adipocytes, blood vessels, and newly formed
tissue at the scaffold edge or in the pores, as well as
changes in the scaffold, such as cracks, were descriptively
assessed at 20X magnification.

Quantitative histological evaluation. As with the semiquan-
titative evaluation, two central sections of each sample
were evaluated histomorphometrically. The sections
were photographed as micrographs with a 2.5X magnifi-
cation using the Zeiss Axiocam microscope camera (Carl
Zeiss Microscopy GmbH, Jena, Germany) and the Zeiss
ZEN2 software (Carl Zeiss Microscopy GmbH, Jena,
Germany) and analyzed histomorphometrically using
Zen Intellesis software. For automated segmentation, an
Al (artificial intelligence) model based on machine learn-
ing was trained. All sections were segmented and evalu-
ated identically. For this purpose, a measurement frame
of 2600 pixels X 1450 pixels was placed over the scaffold
and adjacent structures (Figure 5). When placing the
measuring frame, care was taken to include as few parts
of the fixation plate as possible.

The percentage area of the following elements was cal-
culated: scaffold, bone, gas, granulation tissue, osteoid,
plate, bone marrow, and cartilage.

SEM/EDS analyses

Scanning electron microscope (SEM) images were taken
of unstained histological sections prepared as described in
2.7 according to Maier et al.* to characterize the surfaces
of the scaffolds. Energy-dispersive X-ray spectroscopy
(EDS) analyses were performed in selected areas to deter-
mine the composition of the elements. Images of the histo-
logical sections were recorded by SEM (SUPRA 55 VP;
Carl Zeiss AG, Oberkochen, Germany) with X-ray spec-
troscopy (EDX) analysis at an acceleration voltage of
15kV. One section of an intact scaffold was measured for
each time and coating group. Furthermore, one section of
a severely degraded scaffold per coating group of weeks
12, 24, and 36 was measured to identify the cause of the
severe degradation. Measurements were taken in the scaf-
fold center, in the degradation layer, in bone and within
conspicuous bright areas of the scaffold.

Statistics

Statistical analyses were performed using “Microsoft
Excel 2016” (Microsoft Corporation, Redmond, WA
98052-6399, USA) and “SPSS Statistics 26.0” (IBM,
Armonk, NY 10540, USA). This analysis was based on the
comparison of the two groups in relation to the study inter-
val. The semiquantitative nCT- and histology data were
analyzed using the Mann-Whitney U test. Quantitative
data (uCT, histomorphometry, and X-ray microscopy)
were tested for normal distribution using the Shapiro-Wilk
test. For normally distributed data, Levene’s test was per-
formed followed by Welch’s or Student’s ¢-test. For non-
normally distributed data, the Mann-Whitney U test was
used. In all tests, a value of p <0.01 was considered statis-
tically significant.
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Table 2. Scoring system for histological evaluation. The parameters were scored using two cross-sections per scaffold. The lowest
value of 0 represents the desired result.

Scoring parameter Score 0 | 2 3 4

Gas in the surrounding  None Diffuse (2 < | mm) Low grade Medium grade High grade
tissue (9 <5mm) (9: 5-10mm) (9 < 10mm)
Gas in the medullary None Diffuse (2 < | mm) Low grade Medium grade High grade
cavity (9 <2.5mm) (9 <5mm) (9 >5mm)
Osteotomy gap closed Complete >75% callus >50% callus >25% callus No or minimal

from the outside

(covered with callus)

Scaffold integration
(reoriented scan)

bridging (100%)

100% contact
surface between
bone and

>75% contact area
between bone and

scaffold, only minimal

>50% contact area
between bone and

scaffold, isolated gaps

>25% contact
area between
bone and scaffold,

bridging via callus
tissue

No or slight
contact between
bone and scaffold,

scaffold, no gaps  gaps

larger gaps clear gaps

Table 3. Scaffolds with loss of shape, presented with
corresponding time points for the different evaluation methods.

Group Macroscopic Time group, severe

(material) onset of severe  degradation in ex vivo
degradation (in analyses (X-ray micrographs
vivo pCT) and histology)

| Week 4 12

| Week 4 12

| Week 6 12

| Week 12 24

| Week 16 36

| Week 24 36

| Week 24 36

2 Week 4 12

2 Week 4 12

2 Week 8 12

2 Week 8 12

2 Week 8 12

2 Week 12 24

2 Week 6 36

Results

Clinical examination

All animals recovered well from surgery and wound heal-
ing was uneventful. Most of the animals in both groups
(23/40) showed mild to moderate lameness and little evi-
dence of pain up to a maximum of 16days post-surgery.
Only one animal in group 2 showed persistent low-grade
lameness after surgery until the end of the observation
period in week 12. Palpatory emphysematous swelling
medial to the proximal tibia was found in 36/40 animals
from postoperative day 10 until a maximum of 6 weeks
post-surgery. In 14 animals, a puncturing of the swelling
was indicated once due to marked lameness (grade 3) with
weight loss and pain on palpation. Gas (<2 ml) mixed with
fluid (2-5ml (seroma)) was withdrawn from the swelling
and the lameness disappeared. Bacteriological testing of

the fluid was inconclusive in both aerobic and anaerobic
cultivation. The histological smear of the fluid was rela-
tively lacking in cells, with only isolated blood cells found.

Radiological evaluation

Postoperative radiographs demonstrated the correct
positioning of the scaffolds and screws. In one animal
(with the existing lameness) the screw proximal to the
osteotomy gap was not anchored in the contralateral cor-
tex and bent. Initial scaffold degradation was observed
in group 2 in week 4 and in group 1 in week 20. All scaf-
folds remained clearly visible throughout the study
period. Callus formation was seen in both groups start-
ing in week 4. In week 28 (group 1) and week 32 (group
2), the osteotomy gap was completely bridged with cal-
lus from all sides in all animals (Supplemental Material
1(a) and (b)). Gap formation in the area between the
scaffold and the proximal or distal bone (MgF,: 8/20;
CaP: 9/20), was visible in both planes from the second
postoperative week until week 10 (group 1) or week 16
(group 2) (Supplemental Material 1(c) and (d)).
Significant gas accumulation occurred in the surround-
ing tissue of the proximal tibia from week 2 to week 16
(group 2) and week 24 (group 1) in the majority of ani-
mals (group 1: 19/20; group 2: 17/20) (Supplemental
Material 1(c) and (d)).

In vivo uCT examination and evaluation

Descriptive and semiquantitative evaluation of the uCT exam-
ination. The majority of the scaffolds (26/40) kept most of
their original contour until the end of the respective study
period. No macroscopic degradation was visible. The
other scaffolds (14/40) (per group: n="7) showed struc-
tural loss with severe degradation (Table 3, Figure 6). In
these 14 scaffolds, initial degradation was observed in
week 4. In group 1, it started mostly at the scaffold tip and
spread homogeneously over the entire scaffold during the
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Week 0 6 12 24 36

Mng-
scaffold

(degraded)

Mng-
scaffold

(intact)

CaP-
scaffold

(degraded)

CaP-
scaffold

(intact)

Figure 6. uCT images of the center of intact and severely degraded scaffolds in the original and the reoriented scan.

course of the study. In group 2, the majority of this week 32 with steadily decreasing amounts in the sur-
increased degradation was homogeneous. Gas formation  rounding soft tissue (Figure 7(a)). There was an increase
was observed outside the bone and intramedullary in the in the amount of intramedullary gas at weeks 2 and 4 for
proximal tibia. Gas outside the bone was detected until  both groups, followed by a decrease until week 16 (group
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Figure 7. Semiquantitative analysis of the pCT scans: (a) gas formation in the surrounding tissue, (b) gas formation in the
medullary cavity, (c) bridging of the osteotomy gap, and (d) bone scaffold contact.

2) and 20 (group 1), respectively. Thereafter, the intramed-
ullary gas formation differed in both groups (Figure 7(b)).
Initial callus formation was observed in week 2 (group 2)
or week 4 (group 1) in the scaffold tip area (transcortex,
lateral cortex). After week 6, the osteotomy gap was
>50% bridged with callus tissue (Figure 7(c)). At weeks
12 and 16, callus tissue appeared to be inhomogeneous in
all scaffolds. Starting in week 20, bone maturation with
lamellar bone was evident in group 1 and in week 24 in
group 2. In week 36, the last observation time point, the
osteotomy gap was completely bridged with the exception
of a few scaffolds (group 1: n=1; group 2: n=3). Postop-
eratively, the optimal positioning and the contact of the
scaffolds with the cortices could be demonstrated in the
reoriented PCT scans in 36/40 scaffolds. In 4/40 CaP-
scaffolds, a small gap between scaffold and laterodistal
and mediodistal cortex was observed. By postoperative
week 2, all scaffolds showed developing bone-scaffold
contacts (Figure 7(d)), with newly formed bone tissue
uniformly approaching the scaffolds. From week 4
onward, both groups showed more contacts in the caudal
region of the scaffold compared with the cranial region.
Overall, a higher number of bone-scaffold contacts were

seen from week 2 to week 16 in group 2, and from week
16 to week 36 in group 1.

Quantitative evaluation of the uCT examination. The scaf-
folds of both groups showed small volume decreases from
the time of implantation to the end of the study at week 36
(Group 1: 8.9%; Group 2: 7.5%) (Figure 8(a)). There was
also a decrease in density for both coatings (Group 1:
16.07%; Group 2: 23.65%) (Figure 8(b)).

X-ray microscopic images

The high-resolution X-ray microscope scans demonstrated
the integrity of all scaffolds prior to implantation. One scaf-
fold from group 1 showed a lower number of pores in the
central area than in the other samples. Differences in the ini-
tial volume of the scaffolds were evident (Supplemental
Material 2). In the images taken at the respective end of the
study, severe degradation and loss of shape of the scaffolds
were observed in 14/40 scaffolds (seven per group, Table 3).
The volume loss of the scaffolds before implantation and at
the end of the study in week 36 was relatively low (group 1:
11.8%; group 2: 5.8%) (Supplemental Material 2).
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Figure 8. Quantitative evaluation of the pCT scans: (a) scaffold volume and (b) scaffold density.

Histological evaluation

Descriptive and semiquantitative evaluation. The semiquantita-
tive evaluation for time points 6 and 36 weeks of implantation
showed more degradation in group 1 (Figure 9(a)). In week
12, degradation was greater in group 2 and in week 24 it was
identical in both groups. Overall, it was noticeable that 14/40
scaffolds (seven each per group, Table 3) degraded more
severely or less homogeneous than the rest. This was mani-
fested in the loss of their original shape (Figure 10). Massive
periosteal callus was present on the lateral side of the tibia
after 6 and 12 weeks in both groups and was seen to a smaller
extent at later examination time points after 24 and 36 weeks
(Figures 9(b) and 10). In week 6, five CaP scaffolds and three
MgF, scaffolds showed an incompletely bridged osteotomy

gap at the scaffold tip. Complete bridging was noted at later
observation time points (Figure 9(c)). Small amounts of
endosteal callus tissue were present in both groups after 6 and
12 weeks which increased over time. Overall, greater amounts
of endosteal callus tissue were seen distal to the scaffolds than
proximally (Figure 9(d) and (e)). From week 6 onward, both
groups showed increasing remodeling of the cortices over
time with a greater extent at the trans-cortex (cortex near the
tip of the scaffold) (Figure 9(f)—(i)). Gas was observed mainly
in the proximal region of the scaffold in the medullary cavity
(Figure 9(j) and (k)). Overall, gas formation persisted to a
moderate extent throughout the course of the study. At the
6-week time point, cracks were seen in the scaffold tip region.
Over time, cracks were observed over the entire scaffold
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surface, with MgF, scaffolds showing more cracks than CaP
scaffolds. Cartilage tissue was evident in individual scaffolds
after week 6 (2X group 1, 4X group 2), week 12 (1X group
1, 1X group 2), and week 24 (1X group 2) in the area of the

lateral osteotomy gap. In week 6, osteoid could be seen at the
tip of the scaffolds in both groups. In week 12, thicker osteoid
seams were seen in the tip and distal surface of the scaffold
which surrounded the entire scaffold after 24 and 36 weeks
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Figure 10. Histological cross-sections of intact scaffolds (upper two rows) and severely degraded scaffolds (lower three rows) of

both coatings.

and sporadically extended into outer pores. On the proximal
and distal surfaces of the scaffold, excluding the tip, a narrow
granulation tissue fringe consisting of fibroblasts and fibro-
cytes was evident after 6 weeks in both groups which sporadi-
cally grew into the outer pores of the scaffolds. At week 12, a
slightly more pronounced granulation tissue layer was pre-
sent around the scaffold and between the callus network. At
weeks 24 and 36, granulation tissue was almost exclusively
evident between the callus network. In week 36, granulation
tissue and osteoid could be seen in individual central pores.
Bone tissue was not detected in the pores at any time.

Bone marrow located distal and proximal to the scaf-
folds increased over time and was characterized by many
adipocytes and cells in various stages of the myeloid
series. Furthermore, a moderate amount of macrophages
and scattered blood vessels were seen in the medullary
cavity after 6 weeks which increased over time. In week
36, more blood vessels were seen in group 1 than in group
2. Foreign body giant cells were observed only sporadi-
cally in both groups at weeks 24 and 36.

Quantitative histological evaluation. The histomorphometric
evaluation (Supplemental Material 3) of both groups
showed only a slight loss of material between weeks 6 and
36 (group 1: 7.3%, group 2: 2.5%). The histomorphometri-
cally measured bone quantity (week 6: group 1: 25.3%,
group 2: 16.7%) increased overall over time and reached the
highest values in week 36 (group 1: 30.7%, group 2: 26.3%).
It was noticeable that more bone was measured in all obser-
vation times in group 1 than in group 2. Gas was detected at
all time points, with the highest gas content detected in both
groups in week 24. Comparing the two groups, it was
noticeable that significantly less gas was measured in group
1 than in group 2 in weeks 6, 24, and 36 (week 6, p=0.008).
In contrast, group 1 showed significantly more gas than
group 2 in week 12 (p=0.003). Regarding the area percent-
age of granulation tissue, group 1 showed a constant value
of about 12% over the study period. In contrast, granulation

tissue in group 2 decreased from an initial 14.7% in week 6
to 5.6% in week 24 and increased again to 8% in week 36.
Osteoid was seen at all examination time points. In group 2,
the amount of osteoid increased steadily over time (week 6:
0.9%; week 36: 6.0%) and had a significantly greater pro-
portion than group 1 at the 36-week time point (p=0.0014).
Bone marrow tissue was detected to a similar extent in both
groups and remained relatively constant over time (week 6:
group 1: 6.3%, group 2: 5.6%). Cartilage tissue was meas-
ured to a very low extent in both groups. The amount of
plate that could technically not be excluded from the meas-
urements remained in the range below 1%.

SEM/EDS analyses

The SEM images showed a clearly distinguishable degra-
dation layer in all scaffolds which appeared darker com-
pared to the original scaffold material (Supplemental
Material 4: measuring point 4; Supplemental Material 5:
measuring points 1, 6). The extent of this degradation
layer increased over time. Heavily degraded scaffold
material showed a lot of bright islands in the SEM images.
EDS analyses in this area showed that these bright spots
were strong enrichments of rare earths and aluminum
(Supplemental Material 5: measuring points 4, 5). Using
EDS analyses, magnesium was detected in decreasing
amounts from the scaffold center to the periphery with
surrounding bone (Supplemental Material 4: measuring
points 2, 3, 4). The amount of magnesium decreased as
the implantation time progressed (Supplemental Material
4: measuring point 3; Supplemental Material 5: measur-
ing point 3). On the scaffold surface and in the degrada-
tion layer, regions with rare earths, aluminum, and also
calcium and phosphate (Ca/P) could be identified
(Supplemental Material 4: measuring points 1, 5;
Supplemental Material 5: measuring point 4, 5). Ca/P pre-
cipitates were found in contact points between new bone
tissue and the scaffold.
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Discussion

The clinically good tolerability of the magnesium alloy
LAE442 has been confirmed in other studies.'”***! In the
present study, no clinical adverse reactions and only mild to
moderate lameness were observed in 24/40 animals, which
may be attributed to the surgical procedure of a hinged cor-
rective osteotomy. Another cause of this lameness could be
gas or seroma formation, as lameness improved after a single
puncture of the affected site in these animals. It is known that
hydrogen is produced during the degradation of magnesium,
which accumulates locally if it is insufficiently removed by
the surrounding tissues and blood vessels.’**>> A causal
relation between lameness and accumulation of gas due to
degradation of magnesium alloys has not been observed in
other studies.’®323%5 Intramedullary gas bubbles, which
were observed in the medullary cavity in the vicinity of the
scaffolds, remained at a moderate level over the time course
of the present study and have been described many times in
other studies in connection with intramedullary pins and an
interlocking nail system made of LAE442 in animal
models.'***37 The occurring seromas probably originated
from the irritation of the skin with the underlying tissue and a
surgical-induced wound cavity.?***>° The existing lameness
of one animal can be attributed to the obliquely placed screw.

The gas accumulation seen immediately postoperatively
is air that was physiologically entrapped intraoperatively
and is unrelated to the degradation of the scaffolds.!®?

The different initial volume of the scaffolds found in
the X-ray microscope investigations can be attributed to
the manufacturing process. The production of the wedges
of'this size, dimension, and standardized pore sizes proved
to be very difficult in the investment casting process.’’
Quantitative analyses of volume and density using pCT,
X-ray microscopy, and histomorphometry showed a very
slow degradation of the scaffolds with small volume and
density decrease until the end of the study at week 36. The
slow degradation of the magnesium alloy LAE442 was
also observed on small-sized porous LAE442 cylinders
which were investigated in the greater trochanter of the
femur in the rabbit model.2!23%%6! When comparing the
coatings in the present study, it was noticed that the wedges
coated only with MgF, (group 1) showed an overall greater
volume loss than the wedges additionally coated with CaP
(group 2). This indicates that additional coatings slow
down degradation and at the same time gas formation. In a
previous study by Julmi et al.,’” who investigated small-
sized porous LAE442 cylinders with the same coatings in
vitro in simulated body fluid, it was also revealed that the
additional CaP coating increases the corrosion resistance
of the cylinders.

The present study showed that 14/40 scaffolds (per
group, n=7) exhibited increased degradation with loss of
original shape compared to the remaining 26/40 scaffolds. It
has been described in the literature that increased corrosion

in magnesium alloys can be caused by microstructural fea-
tures, such as segregations of alloying elements or second
phases that have higher electrode potential compared with
the magnesium matrix.%> In the present study, SEM/EDS
analyses detected local enrichments of the alloying elements
rare earths and aluminum that increase the risk of microgal-
vanic corrosion. Furthermore, Denkena et al. reported® that
the corrosion of bone substitute material depends signifi-
cantly on stress, with compressive stress increasing the cor-
rosion rate and tensile stresses reducing it. Due to the natural
geometry of the rabbit tibia, asymmetric stress may affect the
scaffold, resulting in different local corrosion rates. This
might have been the case in the present study. Histologically,
crack formation was noticed in the scaffold material, which
was more severe in group 1 than in group 2, which might be
related to the more severe degradation of MgF, scaffolds.
Crack formation was also seen in other in vivo studies of
implants or bone substitutes made of LAE442 or Mg all
0ys.2700.61.6667 According to Mueller et al.,*’ cracks occur in
magnesium alloys due to gas evolution during degradation.

Furthermore, in the present study, there was radiographic
evidence of proximal and distal osteotomy gaps between
bone and the scaffold in the first few weeks post-op. It is
possible that this was physiological bone necrosis of a few
millimeters according to Muhr,®® which generally occurs
in the course of indirect fracture healing due to a lack of
vascularization in the defect area. However, the visible gap
could also be related to degradation and the resulting gas
which displaced the callus network, creating the impres-
sion of reduced bone-scaffold contact. This needs to be
clarified by further investigation.

The bone defect in the open wedge corrective osteot-
omy performed in this study healed via secondary bone
healing, which was characterized by the formation of
endosteal and periosteal callus tissue and was expected
based on the size of the defect according to the literature.®
A large amount of callus is considered positive in this type
of bone healing, as it indicates a high healing capacity of
the bone.”®”! According to the literature, the massive cal-
lus formation could also be due to the osteogenic potency
of the magnesium ions.3*7273 Initial callus formation could
be found in all animals in the area of the lateral cortex
(transcortex). One reason for increased lateral callus for-
mation could have been the medially placed support plate.
It can be assumed that this stabilization compensated part
of the mechanical stress in the defect area of the medial
rabbit tibia resulting in increased callus formation on the
lateral side. This phenomenon was also found in other
studies with plate-screw systems.'>7*

The transformation of callus/woven bone callus into
lamellar bone over time seen in histology is known to
occur in the course of secondary bone healing”>~7” and was
associated with a decrease in periosteal callus at later
examination time points. Compared to periosteal callus
formation, endosteal callus formation was observed to a
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lesser extent and was also observed by Hampp et al.”®
investigating intramedullary pins of different magnesium
alloys in rabbit tibiae.

In contrast to the study by Witting et al.?3 in this present
study a larger scaffold and another implantation localization
was used, which was in contact with surrounding soft tissue
(in the case of cylinders purely cancellous position).
According to the literature, Mg alloys degrade more rapidly
when they are in contact with soft tissue, as at this location
the blood flow is higher compared to cancellous bone. 12347930
There was comparatively more loading on the scaffold due
to the partial loaded defect and consequently a different deg-
radation and bone ingrowth behavior of the scaffold com-
pared to the cylinders. In the cylinders, there was more
ingrowth of bone trabeculae, whereas in the wedge, the
defect was primarily stabilized by callus and subsequently
remodeled into lamellar bone.

When comparing the coatings, group 2 showed better
bridging of the osteotomy gap and more bone-scaffold
contacts by week 12. This observation could be due to the
osteoconductive influence of the released calcium ions
from the coating which was also observed in other in vivo
studies.’*”? However, at later time points, better bridging,
more bone scaffold contacts, and greater remodeling were
seen in group 1 in our study. These could be explained by
the overall greater degradation of the MgF, scaffolds at
later time points. This stronger degradation might have
released more magnesium ions which, according to the lit-
erature, have a high osteogenic potency.” From this it can
be concluded that the influence of an additional CaP coat-
ing decreased over time.

Histologically, cartilaginous tissue was detected in some
scaffolds (9/40) of both groups in the area of the scaffold tip,
especially at the 6-week time point. This observation can be
considered physiological, as the body attempts to close the
defect via osteochondral ossification.”®®! Pauwels®? postu-
lated that massive callus formation with predominantly
osteochondral ossification predominates on the compres-
sion side of a weight-bearing fracture, which was presuma-
bly the case in the present study.

In the histological sections, a small amount of granula-
tion tissue with fibroblasts was seen in both groups,
although the percentage measured histomorphometrically
was relatively constant over time in group 1 and varied
slightly in group 2. According to the literature, the pres-
ence of granulation tissue can also be seen as a physiologi-
cal response to a foreign body.®® In the present study,
granulation tissue and osteoid did not appear in the central
pores until week 36. Mineralized bone tissue was not
detected. Interconnecting pores in bone substitutes are
thought to guide tissue growth, to enable and enhance tis-
sue regeneration and blood flow, and to have an osteocon-
ductive effect.®*#85 According to the literature, pores in
bone substitutes should have a size of 150-500 pm.3¢%7
The alloy LAE442 showed improved osteoconductive

properties in a previous study where 500 pm interconnect-
ing pores were used, therefore this pore size was also cho-
sen for the scaffolds in the present study.?!%!

The delayed ingrowth of bone tissue in the present
study was also reported by Lalk et al.,”* who found non
mineralized bone tissue in the center of porous AX30 cyl-
inders after 24 weeks. However, it must also be noted that
the wedge used in the present study was much larger com-
pared to the cylindrical implants, and thus the distance for
ingrowing tissue into the scaffold center was much greater.
Grau et al.®® were also unable to see ingrowth of bone tis-
sue into a porous magnesium implant in a skullcap defect
in mice after 12 weeks. They hypothesized that the occupa-
tion of the implant center and pores with gas prevented
bone ingrowth or delayed it. In both groups of the present
study, bone marrow with adipocytes and hematopoietic
cells were detected in the medullary canal at all time points
which can be considered physiological.

The presence of some macrophages and only a few for-
eign body giant cells in the present study was related to
scaffold degradation and removal of corrosion products, as
also reported in the literature.'”!'>%! These cells occur
physiologically as part of a foreign body reaction in
implanted biodegradable materials. %

Blood vessels were detected in the histological exami-
nation at all times and their quantity increased over time.
In week 36, more blood vessels were evident in group 1
compared to group 2. Improved vascularization results in
better nutrient delivery, and thus better osseointegra-
tion.?”9-2 The better osseointegration of the more vascu-
larized MgF, scaffolds compared to CaP scaffolds was
also confirmed by higher bone quantities and more bone-
scaffold contacts at later time points.

Furthermore, SEM images showed a dark degradation
layer at the edge of the light-colored original scaffold mate-
rial which increased with time. This observation is consist-
ent with that of Kleer-Reiter et al.,** who studied porous
cylindrical LAE442 scaffolds in the proximal rabbit femur.
The fact that the proportion of Mg decreases as degradation
progresses was also reported in in vivo studies with
Mg-based implants by Wang et al.”?> and Bracht et al.”®

On the surface and in the degradation layer of the scaf-
folds used in the present study, calcium- and phosphate-
rich regions were measured in the EDS analyses. These
calcium- and phosphate-rich regions provided direct con-
tact between the scaffold and the surrounding bone tissue.
In other studies with porous scaffolds of different magne-
sium alloys, these contacts were also seen®***! and can be
considered positive.

Conclusion

Wedge-shaped scaffolds of the magnesium alloy LAE442
showed good clinical tolerance, bridging of the osteotomy
gap, and slow but inhomogeneous degradation with a single
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MgF, coating (group 1) or an additional CaP coating (group
2). Increased bone-scaffold contacts were more pronounced
until week 12 in group 2 (MgF,-CaP coating), however at
later timepoints in group 1 (MgF, coating). Therefore, a
decreasing influence of CaP coating at later timepoints is
assumed. However, CaP coating was shown to be beneficial
for the first 12 weeks in the important phase of bone healing.
The strong callus formation resulted in rapid stabilization of
the defect in both groups. A population of undesired cells
could not be found histologically. However, the production
of these scaffolds in this shape and size was difficult.’” The
scaffolds already showed a certain inhomogeneity before
implantation, which led to inhomogencous degradation.
Furthermore, despite the use of an additional CaP coating,
the accumulation of gas could not be prevented.
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