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a b s t r a c t 

Implant removal is unnecessary for biodegradable magnesium (Mg)-based implants and, therefore, the 

related risk for implant-induced fractures is limited. Aging, on the other hand, is associated with low 

bone-turnover and decreased bone mass and density, and thus increased fracture risk. Osteoporosis is 

accompanied by Mg deficiency, therefore, we hypothesized that Mg-based implants may support bone 

formation by Mg 2 + ion release in an ovariectomy-induced osteoporotic rat model. Hence, we investi- 

gated osseointegration and implant degradation of a low-alloyed, degrading Mg–Zn–Ca implant (ZX00) in 

ovariectomy-induced osteoporotic (Osteo), old healthy (OH), and juvenile healthy (JH) groups of female 

Sprague Dawley rats via in vivo micro-computed tomography (μCT). For the Osteo rats, we demonstrate 

diminished trabecular bone already after 8 weeks upon ovariectomy and significantly enhanced implant 

volume loss, with correspondingly pronounced gas formation, compared to the OH and JH groups. Scle- 

rotic rim development was observed in about half of the osteoporotic rats, suggesting a prevention from 

foreign-body and osteonecrosis development. Synchrotron radiation-based μCT confirmed lower bone vol- 

ume fractions in the Osteo group compared to the OH and JH groups. Qualitative histological analysis 

additionally visualized the enhanced implant degradation in the Osteo group. To date, ZX00 provides an 

interesting implant material for young and older healthy patients, but it may not be of advantage in 

pharmacologically untreated osteoporotic conditions. 

Statement of significance 

Magnesium-based implants are promising candidates for treatment of osteoporotic fractures because of 

their biodegradable, biomechanical, anti-bacterial and bone regenerative properties. Here we investigate 

magnesium–zinc–calcium implant materials in a rat model with ovariectomy-induced osteoporosis (Os- 

teo group) and compare the related osseointegration and implant degradation with the results obtained 

for old healthy (OH) and juvenile healthy (JH) rats. The work applied an appropriate disease model for 

osteoporosis and focused in particular on long-term implant degradation for different bone conditions. 
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. Introduction 

Bioresorbable implants have progressively moved into the focus 

f materials science in recent years. Here the ideal implant ma- 

erial may be resorbable and reveal functionalized properties to 

nduce and support fracture healing and remodeling. In addition, 

uch bioresorbable implants may also be beneficial in complex sit- 

ations such as osteoporosis. Due to the increased fragility rate of 

he bone, patients with osteoporosis run the risk of repeated bone 

racture in surrounding areas [1] . 

Osteoporosis is a multifactorial disease that is generally subdi- 

ided into primary and secondary osteoporosis, with the latter de- 

cribing osteoporosis as a secondary outcome to chronic diseases 

uch as Cushing’s syndrome [2] . In contrast, primary osteoporosis 

nvolves type 1 post-menopausal and type 2 senile osteoporosis. 

ype 1 post-menopausal osteoporosis is a systemic disease that 

s mainly driven by estrogen deficiency in women. Type 2 senile 

steoporosis mainly occurs in elderly, peaks in the mid-seventies, 

nd is overrepresented in women [3] . Type 1 and 2 primary osteo- 

orosis affects both the cortical and trabecular bone [ 4 , 5 ]. Preclin-

cal studies demonstrated a longer and more severe inflammatory 

hase in ovariectomy-induced osteoporotic mice with experimen- 

al bone fractures than in controls, thereby also contributing to de- 

ayed fracture healing [6] . 

Bone metabolism mainly depends on calcium (Ca) and Mg. Im- 

ortantly, 99% of Ca in the body is stored in the skeleton and Ca 

omeostasis is regulated by parathyroid hormone and calcitonin 

7] . Ca deficiency results in hypocalcemia ( < 8.8 mg dL −1 ), which

s predominantly caused by vitamin-D deficiency, hypoparathy- 

oidism and kidney diseases [8] . Hypocalcemia may lead to tetany, 

eizures and heart failure [9] . Importantly, Ca is known as a Mg 

ntagonist. Various studies reported the optimal dietary intake of 

 1:2 (Ca:Mg) ratio to prevent several severe outcomes, such as 

ancer or cardiovascular events [ 10 , 11 ]. Oral Ca administration has 

een shown to improve bone mass and density, especially in pa- 

ients with osteoporosis [ 12 , 13 ]. 

However, another potential risk factor for suppression of bone 

ass and density as well as osteoporosis-associated fragile bone is 

ypomagnesemia. Mg is the fourth-most abundant mineral in the 

ody and approximately 60% of Mg is stored in bone [14] . Epidemi- 

logical studies demonstrated a positive correlation between Mg 

ntake and bone-mineral density [15] . Moreover, Mg-deficient diet 

as linked to fragile and brittle bone, trabecular microfractures 

nd decreased cortical thickness in rat bone [ 16 , 17 ]. Regression 

nalysis in postmenopausal women with and without osteoporosis 

evealed lower Mg levels than recommended in healthy and osteo- 

orotic women, and Mg values also correlated with the individual 

one-mineral content [18] . Animal studies revealed that osteoporo- 

is progression is associated with dietary restriction of Mg [19] . 

ow to moderate Mg deficiency linked to low-grade inflammation 

ay not only contribute to osteoporosis [20] , but also to metabolic 

yndromes and their associated outcomes such as atherosclerosis, 

ypertension [21] , type-2 diabetes mellitus [22] and some cancer 

ypes. 
428 
and sclerotic rim formation was observed in osteoporotic rats, which il-

fferent bone models generates significantly modified clinical outcome. It

fferences must be taken into account in future biodegradable implant de-

2 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

In general, osteoporosis is characterized by an imbalance of 

one formation and resorption, resulting in decreased total miner- 

lization, thereby leading to reduced bone strength and increased 

isk of fractures [23] . Most osteoporotic fractures occur at the tra- 

ecular or the metaphyseal bone region [24] and at locations in- 

luding the distal radius, proximal humerus, proximal femur, and 

ertebral bodies [ 25 , 26 ]. During successful fracture healing, cellular 

nd molecular events are carefully orchestrated, producing a tem- 

late for regeneration and remodeling of the fracture site, followed 

y bone function restoration [27] . In osteoporotic bone, fracture 

ealing is delayed and the biomechanical properties of fractured 

one are decreased, thereby challenging the treatment of osteo- 

orotic fragility fractures [28] . At a cellular level, reduced numbers 

nd/or reduced activity of osteogenic cells (including mesenchymal 

tem cells and osteoblasts) are observed under osteoporotic condi- 

ions, while osteoclast activity increases. Moreover, an imbalance of 

nabolic and catabolic local factors has been linked to osteoporosis 

 23 , 29 ]. 

Researchers and clinicians have demonstrated delayed osseoin- 

egration of Ti and stainless steel implants under osteoporotic 

onditions in vitro and in vivo [30–32] . No hardware removal 

ay thus generate late-stage infections with non-treatable out- 

omes, especially in situations such as osteoporosis or in el- 

erly patients with suppressed immunity. As a potential solu- 

ion, bioresorbable implant materials might overcome the dis- 

dvantages of such permanent implants used in osteosynthesis 

f osteoporosis-associated fragility fractures. Especially promis- 

ng candidates for bioresorbable implants are Mg-based al- 

oys, which may even be beneficial with respect to bone 

ineralization [33] . 

Only recently, we introduced a bioresorbable magnesium–zinc–

alcium (MgZnCa) alloy (ZX00, with < 0.5 wt% Zn and < 0.5 wt% 

a) in a pre-clinical study, using small and large juvenile grow- 

ng animals, and in a first-in-men clinical trial [34–36] . The es- 

ecially low amount of alloying elements (Zn and Ca) proved to 

e beneficial to gain exceptionally high mechanical strength and 

t the same time minimizing the material’s degradation rate. An- 

ther previous study [37] demonstrated that Mg also supports frac- 

ure healing, especially callus formation, on a molecular level by 

upporting osteoinductive pathways in healthy and osteoporotic 

one via neuronal secretion of calcitonin gene related polypep- 

ide (CGRP). Substantial callus formation and an increased corti- 

al femoral wall diameter were also observed in vivo , with the 

g-based implants revealing increased osteoblast activity and de- 

reased osteoclast activity [38] . Another study reported Mg to sup- 

ress vascular smooth muscle cell calcification, in part mediated by 

nhibition of Wnt/ β-catenin signaling. Furthermore, Mg degrada- 

ion was ascribed to attenuate osteoclast activity by inhibiting nu- 

lear factor- κB and NFATc1 signaling in vitro [39] . Accordingly, Mg- 

ased implants exhibit several advantages and therefore provide a 

ood alternative to treat osteoporosis-associated fragility fractures. 

owever, since osteoporosis is divided into different subtypes and 

hese are also categorized into different illness severity stages, the 

articular subtype and severity might influence the impact of such 

g-based bioresorbable implant materials. Hence, the application 

http://creativecommons.org/licenses/by/4.0/


N.G. Sommer, D. Hirzberger, L. Paar et al. Acta Biomaterialia 147 (2022) 427–438 

o

f

i

i

o

a

h

f

t

w

i

j

2

2

t

b

s

Z

a

(

l

w

4

3

w

s

w

c

p

2

f

d

l

A

w

e

m

f

h

W

2

J

d

t

h

i  

h

g

h

r

g

o

g

Z

f

g

2

S

a

F

m

G

t

t

t

o

A

V

C

4

t

t

s

d

a

l

w

t

m

r

t

w

i

p

b

a

i

o

t

m

w

g

“

t

i

a

2

m

k

l

m

o

g

(

t

o

a

1

t

r

f Mg-based implants in different subtypes of osteoporosis needs 

urther detailed investigation. 

In previous studies, the application of ZX00 in juvenile grow- 

ng animals and in a clinical study revealed promising biocompat- 

bility and osseointegration. Adequate gas volume formation with- 

ut negative influence on bone formation and fracture healing was 

lso observed [34–36] . Hence, in designing the present study we 

ypothesized that bioresorbable Mg-based implants support bone 

ormation in untreated ovariectomy-induced osteoporotic rats due 

o the release of Mg 2 + ions during the degradation process. Here, 

e investigated osseointegration and implant degradation of ZX00 

n ovariectomy-induced osteoporotic (Osteo), old healthy (OH), and 

uvenile healthy (JH) Sprague Dawley rats. 

. Material and Methods 

.1. Implant production and sterilization 

In a first step, Mg was purified with a custom-made distilla- 

ion process [40] to such an extent that remaining impurities com- 

ined were less than 10 ppm by weight ( > 99.999 wt% Mg). Sub- 

equently, this ultrahigh-purified Mg was alloyed with high-purity 

n and Ca (Zn: > 99.9999wt%, Ca: > 99.95wt%) under protective Ar- 

tmosphere to synthesize the alloy Mg < 0.5wt% Zn < 0.5wt% Ca 

designated as ZX00). Further details on the rationale of the al- 

oy design, processing and properties have been published else- 

here [35] . After solution- and aging-heat treatments (350 °C/12h, 

50 °C/8h, and 250 °C/30min), indirect extrusion was performed at 

25 °C. Subsequently, cylindrical pins ( l = 8 mm, d = 1.6 mm) 

ere machined using polycrystalline diamond tools and taking 

pecial care to avoid any kind of surface contamination. The pins 

ere then cleaned in ethanol using ultrasonic waves, air-dried in 

lean-room atmosphere and packaged airtight. Sterilization was 

erformed by gamma irradiation (minimum dose 25 kGray) [34] . 

.2. Ethics statement 

Animal experiments with Sprague Dawley (SD) rats were per- 

ormed according to the guidelines of the legal and ethical stan- 

ards, including the accommodation and care of animals, formu- 

ated by the European Convention for the Protection of Vertebrate 

nimals Used for Experimental and Other Scientific Purposes as 

ell as after permission by the Austrian Federal Ministry for Sci- 

nce and Research. All animal experiments were carried out to 

inimize suffering according to the 3R principles of animal wal- 

are – “replace, reduce and refine”. For osteoporotic studies we 

old an ethical permit with the GZ number BMWFW-66.010/0124- 

F/V/3b/2015. 

.3. Animals 

In total, 21 female Sprague Dawley® (SD) rats, purchased from 

anvier Labs (Saint Berthevin, France), were kept on normal chow 

iet and water ad libidum . All animals were housed in clear plas- 

ic cages on standard bedding under controlled conditions (12 

ours/12 hours dark/light cycle). The rats were randomly divided 

nto two main groups: (i) the skeletally mature rat group ( n = 14,

oused until they reached 12 months of age) and (ii) the juvenile 

rowing, skeletally immature, healthy rat group (JH group, n = 7, 

oused until they reached 6 weeks of age). The skeletally mature 

at group was further subdivided into the senile osteoporotic rat 

roup (Osteo group) undergoing bilateral ovariectomy at the age 

f 12 months, and the old healthy, non-ovariectomized group (OH 

roup), representing the aged control group. All animals received 

X00 implants. Implantation was performed at 15 months of age 
429
or the Osteo group (3 months after ovariectomy) and for the OH 

roup, and after 6 weeks of age for the JH group. 

.4. Ovariectomy and implantation 

Anesthesia: Volatile isoflurane (Forane®, Abbot AG, Baar, 

witzerland) was administered for general anesthesia preceded by 

 subcutaneous combined sedation, administering a mixture of 

entanyl (20 μg kg −1 Fentanyl®, Janssen-Cilag GmbH, Neuss, Ger- 

any), Midazolam (400 μg kg −1 Midazolam Delta®, DeltaSelect 

mbH, Dreieich, Germany) and Medetomidine (200 μg kg −1 Domi- 

or®, Pfizer Corporation Austria GmbH, Vienna, Austria) via subcu- 

aneous injection. 

Antagonist and analgesia: The general anesthesia was then an- 

agonized by an intraperitoneal injection of a mixture of Nalox- 

ne (120 μg kg −1 ; Narcanti, Torrex Chiesi Pharma GmbH, Vienna, 

ustria), Flumazenil (50 μg kg −1 ; Anexate, Roche Austria GmbH, 

ienna, Austria) and Atipamezole (250 μg kg −1 ; Antisedan, Pfizer 

orporation, Vienna, Austria). Postoperatively all animals received 

 mg kg −1 Caprofen (Rimadyl, Pfizer Corporation, Vienna, Aus- 

ria), which was injected subcutaneously on the day of operation 

o ensure analgesia. During the first post-operative week, analge- 

ia was maintained by administration of 60 mg Piritramid (Dipi- 

olor, Janssen-Cilag GmbH, Neuss, Germany) in 40 ml 5% glucose 

dded to 500 ml drinking water. Postoperatively, the rats were al- 

owed to move freely in their cages without external support and 

ith unrestricted weight bearing. Observation was performed daily 

hroughout the study period. 

Ovariectomy: After disinfection, an incision was made along the 

iddle line of the Osteo rats’ respective abdomens. After complete 

emoval of the bilateral ovaries, the rats were sutured by layer. 

Transcortical implantation of ZX00 pins: All rats obtained 

ranscortical implantation of ZX00 pins in both hind legs. These 

ere shaved, antisepticised with alcohol pads, and dried. A skin 

ncision with a length of 1-2 cm was made medial over the 

roximal lateral tibial metaphysis and bones were cleared from 

lood and connective tissue. A drill (1.55 mm) with ascending di- 

meter (Synthes, Paoli, PA, USA) was used to prepare the bicortical 

mplantation bed. Drilling was performed at a low rotational speed 

f 200 rpm. The cylindrical ZX00 pins were inserted by gentle 

apping, resulting in a uniform press fit. After transcortical place- 

ent was ensured, the operating field was irrigated thoroughly 

ith physiological saline solution and the wound was closed. The 

eneral anesthesia was then antagonized according to the section 

ovariectomy”. 

Euthanasia: All animals were euthanized with 25 mg sodium 

hiopental (Thiopental® Sandoz, Sandoz GmbH, Kundl, Austria) by 

njection into the cardiac ventricle, leading to immediate cardiac 

rrest [34] . 

.5. In vivo micro-computed tomography (μCT) 

The animals underwent in vivo medium-to-low resolution 

icro-computed tomography (μCT; Siemens Inveon device) at 80 

V voltage, 500 μA current, and 750 ms exposure time at a reso- 

ution of 56 μm. To further reduce beam hardening, a 0.5-mm alu- 

inum filter was used for absorbing the low-energy X-rays before 

r after passing through the sample. The aged rats (Osteo and OH 

roups) underwent μCT evaluation immediately before ovariectomy 

of the Osteo group), and 4, 8 and 12 weeks after the ovariectomy 

imepoint to observe osteoporosis progression with respect to the 

ld healthy (OH) controls. Moreover, μCT scans were performed in 

ll groups immediately after implantation ( t = 0) as well as 2, 6, 

2, 15, 18 and 24 weeks after surgery. During the μCT examina- 

ions the animals were generally anaesthetized by volatile isoflu- 

ane (Forane®, Abbot AG, Baar, Switzerland). Three-dimensional 
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3D) reconstruction was performed to quantify the implant vol- 

me, implant surface area and gas volume using MIMICS Software 

ersion 23.0 (Materialise, Louvain, Belgium). In brief, a threshold 

etween 226 to 3071 Hounsfield Units was placed on the images 

o separate implant from bone. As the prescribed thresholds of 

ounsfield Units did not cover bone and implant in all μCT images, 

he threshold values of Hounsfield Units had to be adjusted indi- 

idually. Subsequently, the two masks were separated and man- 

al post-processing in all planes had to be conducted in order to 

nsure an accurate calculation of the implant volume and surface. 

ubsequently, a 3D model of the implant was constructed via func- 

ion „Mask - Calculate Part“ and volume (in mm 

3 ) and surface (in 

m 

2 ) values were evaluated. Quantification of the gas volume was 

erformed via creating a second mask with Hounsfield Units be- 

ween -10 0 0 to -1024. The threshold values were again modified 

ndividually in order to ensure a precise measurement of the en- 

ire gas volume. Via function „Mask - Calculate Part“, a 3D model 

f the gas volume was constructed and the gas volume in mm 

3 

as calculated. The obtained values for implant volume and im- 

lant surface area were subsequently used to determine the degra- 

ation rate, DR i , similarly to previous studies [34] according the 

ollowing Eq. (1) : 

 R i = 

�V i 

S̄ i �t 
, (1) 

ith i the observation point, �V i the volume change and S̄ i the av- 

rage surface area between two observation time points t i and t i- 1 , 

nd �t the difference between the two observation time points. 

.6. Ex vivo synchrotron radiation-based micro-computed 

omography (SRμCT) 

To determine the relative bone volume in the implant vicinity, 

 small number of samples (3 JH, 3 OH, 2 Osteo) at 24 weeks 

f healing was imaged using SRμCT at the Diamond Manchester 

maging Branchline I13-2 [ 41 , 42 ] of the Diamond Light Source syn-

hrotron [ 43 , 44 ]. A polychromatic, “pink”, beam with a weighted 

ean photon energy of 27 keV (Pt mirror stripe; filters: 1.3 mm 

raphite, 3.2 mm Al) was selected for imaging off-axis around 360 °
ith a pco.edge 5.5 CL camera (PCO AG, Kelheim, Germany). Over- 

ll, 8001 projections were acquired per tomographic scan with 80 

s exposure time and a voxel size of 1.625 μm. To cover the entire

ample, several height steps were imaged per sample. The SRμCT 

mage data were reconstructed using the open-source Savu frame- 

ork [ 45 , 46 ] with the TomoPy reconstruction package [47] and the

pplication of optical distortion correction [48] and a ring-removal 

lter [49] . After reconstruction, the images were filtered using an 

terative non-local means filter [50] , binned three times and then 

titched. The bone surrounding the implant was then segmented 

emi-automatically using region-growing and manual corrections 

n Amira-Avizo 2021.1 (FEI SAS, Thermo Scientific, France). The im- 

ges were then aligned to an idealized initial pin (Ø 1.6 mm, height 

 mm), and a region of interest around the pin with a diameter en-

arged by 1 mm was determined in Avizo using an Euclidian dis- 

ance map. To further limit the relative bone-volume calculation to 

he inside of the bone, the convex hull of the segmented bone vol- 

me was determined. Within the intersection of these two regions 

convex hull and enlarged pin), the relative bone-volume fraction 

 bone = bone volume over total volume (in %) was calculated in 

vizo according to [51] and following Eq. (2) : 

f bone = 

N bone 

N tot 
, (2) 

here N bone is the number of voxels segmented as bone and N tot 

s the number of overall voxels in the region of interest. The seg- 

ented region in the old healthy and osteoporotic group was ad- 

itionally analysed for trabecular bone thickness and connectivity 
430 
sing the Fiji plugin BoneJ [52] . As some cortical bone was in- 

luded in the region of interest, the maximum thickness to esti- 

ate the average was limited to approx. 200 μm, by which most 

f the cortical bone was excluded from the analysis. The results 

ere plotted using Jupyter Notebook (Python 3). 

.7. Histology 

Extracted tibiae were cut to the region of interest and fixed in 

00% ethanol to avoid further degradation of ZX00 and at the same 

ime preserving the tissue. Ethanol was changed three times over 

hree days to ensure dehydration, before infiltration with Technovit 

100 resin (Kulzer GmbH, 63450 Hanau, Germany) according to the 

ser manual and final embedding in the same resin. Undecalci- 

ed thin ground sections of the regions of interests were prepared 

ith approximately 100 μm thickness according to the Karl Donath 

ethod [53] . The sections were stained with azure I, methylene 

lue and basic fuchsin [54] . Digital images of the thin ground sec- 

ions were obtained using a custom-made Olympus BX53 scanning 

ystem (OLYMPUS EUROPA SE & CO. KG, Hamburg, Germany). 

.8. Statistical analysis 

Due to some blurred images of the in vivo μCT scans, not all 

4 implanted materials could be investigated in the JH group, 

herefore the number of samples was below 10 for this group. 

evertheless, all results are still given as mean ± standard devia 

ion to make them comparable between all groups and with re- 

pect to literature. Statistical analysis was performed with Graph 

ad Prism version 8 (GraphPad Software, San Diego, USA). Differ- 

nces between groups and time points were assessed via two- 

ay ANOVA using the Bonferroni post-hoc test. Differences in 

odyweight within a particular group were assessed via one-way 

NOVA using the Tukey post-hoc test. A p-value < 0.05 was con- 

idered statistically significant. 

. Results 

.1. Ovariectomy-induced osteoporosis progression over 12 weeks 

In this study, bilateral ovariectomy was performed in 12- 

onths old SD rats to induce osteoporosis. Osteoporosis progres- 

ion was evaluated by in vivo low-to-medium resolution μCT scans 

efore ( t = 0) as well as 4, 8 and 12 weeks after ovariectomy

 Fig. 1 a-d). In order to compare the effect of bilateral ovariectomy 

n the aged rat model, 12-months old, non-ovariectomized SD rats 

erved as old, healthy (OH) controls ( Fig. 1 e-h). In vivo μCT imag-

ng revealed a dense trabecular structure up to 4 weeks after the 

variectomy timepoint for the Osteo and the OH control group 

 Fig. 1 a-b, e-f). However, the trabecular bone structure decreased 

lready after 8 weeks ( Fig. 1 c, blue arrow) and even more pro-

ounced after 12 weeks in the Osteo group ( Fig. 1 d, blue arrow), 

specially when compared with the OH group ( Fig. 1 h, yellow ar- 

ow). Age-related reduction of trabecular bone was also observable 

n the OH group when compared to the JH group (data not shown). 

n order to evaluate whether ovariectomy negatively affects the 

emale SD rats, the animals were regularly monitored and their 

odyweight recorded at all in vivo μCT time points. After ovariec- 

omy, visual monitoring by caretakers and researchers revealed no 

dverse effects on the rats’ drinking and eating behavior. Moreover, 

he bodyweight records showed no significant differences between 

he Osteo and OH groups during the 12 weeks of osteoporosis pro- 

ression ( Fig. 1 i). 
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Fig. 1. Representative image of ovariectomy-induced osteoporosis progression. (a-d) Ovariectomy-induced osteoporosis progression over 12 weeks for SD rats that un- 

derwent bilateral ovariectomy at the age of 12 months (Osteo group). μCT scans were performed (a) before ovariectomy, and (b) 4 weeks, (c) 8 weeks and (d) 12 weeks 

after ovariectomy. (e-h) μCT scans of healthy rats with the same starting age of 12 months without ovariectomy (OH control group) measured over a period of 12 weeks. (i) 

Monitoring of bodyweight over the observation period. The blue and yellow arrows indicate a decreased trabecular bone structure in the Osteo group (c,d), compared to the 

OH group (h). 

3

h

d

p

s

t

a

(

d

p

(

c

F

z

i

i

z

O

s

o

a

i

w

z  

t

n

J

w

3

O

c

M

i

i

.2. In vivo μCT scans in osteoporotic, old healthy and juvenile 

ealthy rats 

Twelve weeks after ovariectomy, the Osteo and OH rats un- 

erwent bilateral, transcortical implantation of ZX00 pins into the 

roximal metaphysis of the tibiae, while the JH rats underwent the 

ame ZX00 implantation at 6 weeks of age. The bodyweight of all 

hree groups was continuously measured to observe any potential 

dverse effect from the surgical procedure or the ZX00 material 

Supplementary Fig. S1). In the aged groups we observed a slight 

ecrease in bodyweight within the first three weeks after ZX00 im- 

lantation, which leveled out until 24 weeks of implantation time 

Supplementary Fig. S1a and b). As expected, the JH rats signifi- 

antly gained weight until the end of the study (Supplementary 

ig. S1c). 

As illustrated in Fig. 2 , the μCT scans revealed radiolucent 

ones, which were more pronounced around the ZX00 implants 

n the tibiae of the aged rats compared to the JH rats, indicating 

ncreased gas volume in the aged rats. In detail, large radiolucent 

ones and new-bone formation (blue arrows) were observed in the 
431 
steo group already after 2 weeks post-implantation ( Fig. 2 b), and 

clerotic rims developed after 6 weeks in three out of the seven 

steoporotic rats (yellow arrows in Fig. 2 c-f). The sclerotic rims, as 

 sign of foreign-body reaction, were observed in at least one or 

n both legs when the radiolucent zone around the implants was 

ell pronounced. The OH rats ( Fig. 2 g-l) showed larger radiolucent 

ones than the JH rats ( Fig. 2 m-r), but when compared to the Os-

eo rats the radiolucent zones were smaller and sclerotic rims were 

ot observed. As expected, gas volume was hardly detectable in the 

H rats, and movement of the ZX00 implants away from the joint 

as seen due to the longitudinal bone growth of the juvenile rats. 

.3. Implant volume and surface area 

To quantify the differences in implant degradation between the 

steo, OH and JH groups, μCT images were three-dimensionally re- 

onstructed and implant volume and surface area calculated with 

IMICS software. At the beginning of the study, the average ZX00 

mplant volume was 15.88 ± 0.68 mm ³. In all three groups, the 

mplant volume monotonously degraded over 24 weeks ( Fig. 3 A). 
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Fig. 2. ZX00 implant degradation over 24 weeks. Upper row: Osteo group that received implants 12 weeks after ovariectomy, i.e. at an age of 15 months. μCT scans were 

performed (a) immediately and (b-f) 4–24 weeks after implantation. Middle row: OH control group without ovariectomy (g-l), which received implants at an age of 15 

months. Lower row: JH control group (m-r), which received implants at an age of 6 weeks. The arrows in the Osteo group point to large radiolucent zones and new-bone 

formation 2 weeks after surgery (blue arrows) and sclerotic rims that developed 6 weeks post-operatively (yellow arrows). 

Fig. 3. Implant volume and surface over 24 weeks. (a) Implant volume and (b) implant surface obtained from three-dimensional reconstructions of the μCT images 

evaluated using MIMICS software. Data is expressed as mean ± standard deviation. A p-value of < 0.05 was considered as statistically significant. ∗p < 0.05, ∗∗p < 0.01, 
∗∗∗p < 0.001 (same for the other marks # and + ). ∗: Significant difference between Osteo and OH; # : significant difference between Osteo and JH; + : significant difference 

between OH and JH. 
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owever, the implant volume loss was more pronounced in the 

ged groups (Osteo: grey dashed line, OH: grey solid line) com- 

ared to the JH rats (black line). In detail, the aged groups re- 

ealed significantly decreased implant volume already at 2 weeks 

ost-implantation and this trend continued until the end of the 

tudy when compared to the JH group. Although there was no 

ignificant difference between the aged groups in the beginning 

f the study, we observed larger implant degradation in the Os- 

eo group at 12 weeks, which culminated in a significantly re- 

uced implant volume in the Osteo group compared to the OH 
432 
roup 24 weeks after implantation. In total the implant vol- 

me loss of 40.89 ± 3.53% in the Osteo group was significantly 

igher than in the OH group (24.21 ± 5.42%, p = 0.0016) and 

H group (17.27 ± 1.94%, p = 0.0 0 02) over the entire study 

uration of 24 weeks. 

We also observed major differences in the progress of implant 

urface area, especially between the Osteo and healthy groups 

 Fig. 3 B). While the Osteo group revealed a monotonous decrease 

n implant surface area, the surface area in the healthy groups even 

ncreased in a slightly wavy pattern. In general, it decreased sig- 
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Fig. 4. 3D reconstructed ZX00 implant and surrounding gas volume. Upper row: Three-dimensional reconstructions of the μCT images for the Osteo group 2–24 weeks 

after implantation, showing the ZX00 implants (ocher yellow) and released gas (cyan). Middle row: OH control group without ovariectomy. Lower row: JH control group. 
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ificantly in the Osteo group after 6 weeks compared to the OH 

roup and already after 2 weeks compared to the JH group, and 

his trend continued until the end of the study. Moreover, after 2 

eeks the implant surface area was reduced significantly in the 

H group compared to the JH group, which also remained until 

he study end. 

.4. Gas volume 

The three-dimensional reconstructions of the μCT images re- 

ealed for the osteoporotic rats an increase in gas formation (cyan) 

round the ZX00 implants (ocher yellow) over the entire study pe- 

iod of 24 weeks ( Fig. 4 , upper panel). Moreover, the gas volume

ppears significantly more pronounced in the Osteo rats than in 

he OH rats ( Fig. 4 , upper and middle panel), which by itself was

ignificantly more pronounced than in the JH rats ( Fig. 4 , lower 

anel). 

In order to confirm this observation, we computed the gas vol- 

me for all three groups ( Fig. 5 ). We observed a moderate gas evo-

ution in the JH rats over the entire study duration ( Fig. 5 , black

ine), while gas volume was significantly increased 6 weeks after 

mplantation in the Osteo group (grey dashed line) compared to 

he OH group (grey solid line) and JH group. The calculation of 

as volume in the Osteo rats revealed a significant increase in gas 

olume already 2 weeks after implantation until 18 weeks post- 

mplantation when compared to the JH group, but we did not ob- 

erve any statistically significant differences in gas volume among 

he healthy groups. Taken together the results reveal the highest 

as volume in the osteoporotic animals between 6 and 15 weeks 

fter implantation, which on average, however, did not exceed 

8 mm ³. 

.5. Degradation rate 

To compute an average degradation rate, we chose the average 

alues of implant volume and surface area at time points 0 and 24 

eeks. As expected from the previous results, the average degra- 

ation rates up to 24 weeks after implantation were highest in 
433 
he Osteo group (0.35 ± 0.06 mm/year), followed by the OH group 

0.18 ± 0.07 mm/year) and the JH group (0.12 ± 0.04 mm/year). 

aken together, the degradation rate in osteoporotic rats was al- 

ost twice as high as in the OH group and almost three times 

igher than in the JH group. 

.6. High-resolution SRμCT imaging 

Fig. 6 shows SRμCT images that reveal the degradation of the 

X00 pins and in-grown bone at high resolution. Both the resid- 

al metal and the degradation layer that has formed during the 

egradation process are visible. Some cracks are present within 

he degradation layer, which may be caused by the drying and/or 

mbedding process. The bone is well visible along with vascular 

hannels and lacunae, and also the epiphyseal line can be well dis- 

inguished within the bone. A bone layer that has formed around 

he implant can be observed in all three groups. However, the pin 

n the Osteo group has degraded more significantly and is sur- 

ounded by a thinner bone layer and less amount of bone over- 

ll. The same holds true for all eight samples that were assessed 

n this study (see Supplementary Fig. 2). These qualitative obser- 

ations were quantified in Avizo, as described in section 2.6 , to 

btain the bone-volume content f bone ( Fig. 6 g). It is lowest for 

he Osteo group, higher for the OH group, and highest for the 

H group. The mean trabecular thickness calculated for the Osteo 

roup was 113.5 ± 2.0 μm, which was slightly lower compared to 

15.1 ± 0.7 μm for the OH group. Similarly, the mean connectivity 

onn.D was lower for the Osteo group than for the OH group, with 

4.8 ± 25.0 mm 

−3 and 121.1 ± 35.4 mm 

−3 , respectively. 

.7. Qualitative histology 

The histological evaluation revealed a homogeneous and occa- 

ionally lacuna-shaped degradation (pit corrosion) of the ZX00 pins 

 Fig. 7 ). For all groups the pins are still preserved to a large extent

ver the entire study period of 24 weeks. The metallic regions are 

urrounded with corrosion products, reaching a layer thickness of 

pproximately 150 μm. Since the corrosion products largely contain 
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Fig. 5. Reconstructed gas volume. Reconstructed gas volume calculated from the 3D reconstructions of the μCT images over the study period of 24 weeks for the Osteo 

group (grey dashed line), OH group (grey solid line), and JH group (black solid line). Data is expressed as mean ± standard deviation. A p-value of < 0.05 was considered 

as statistically significant. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 (same for the mark # ). ∗: Significant difference between Osteo and OH; # : significant difference between Osteo 

and JH. No significant difference was observed between the healthy groups (OH and JH). 

Fig. 6. Tomographic reconstruction of SRμCT images and calculated BV/TV. (a-f) 3D tomographic reconstruction of samples imaged via SRμCT after 24 weeks of implanta- 

tion. Upper row: Slices along the pin’s longitudinal axis. Lower row: Slices along the cross-section of the pin. (g) Bone-volume fraction (f bone ) as calculated from the region of 

interest around the pin (Ø = 1.6 mm), having a diameter enlarged by 1 mm. Three samples were imaged each for the JH and OH groups and two for the Osteo group (see 

also Supplementary Fig. S2). The degradation layer (red arrow) and the residual metal (white star) of the pins are well visible, together with the surrounding bone. 
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a and P [55] , which is also largely contained in bone, the stain-

ng of these regions appears similar to bone (in pink). The degra- 

ation layer may be distinguished from bone by the shade, mor- 

hology and the existence of osteocytes [ 55 , 56 ]. The ZX00 pins are

urrounded by gas cavities that take less area in the JH and OH 

roups ( Fig. 7 b and c), compared to the Osteo group ( Fig. 7 a). In

ll samples, no fibrous capsules were observed. 

. Discussion 

The advancing prevalence of osteoporosis is associated with 

ncreasing age of the population. The World Health Organiza- 

ion predicts a doubling of the number of people aged over 60 

nd a tripling of those older than 80 by 2050 [57] . Osteoporo- 

is is characterized by decreased peak bone mass and density, de- 

reased mineralization and increased risk of fragility fractures. Se- 

ile osteoporosis predominantly occurs in elderly people starting 

n their 70s [58] , whereas one out of two women suffer from post- 

enopausal osteoporosis linked to estrogen-deficiency [59] . The 
434 
trong increase in age and the associated chance to suffer from one 

r even several new fractures at an advanced age presents a new 

hallenge to orthopedic surgeons. 

Here, we propose that low-alloyed Mg-based ZX00 implants 

ight overcome the disadvantages associated with permanent im- 

lants and, because of ZX00’s low degradation rate, may fulfill the 

echanical properties needed to stabilize osteoporotic fractures. 

pon degradation, ZX00 also releases Mg 2 + ions that might be 

eneficial to support bone formation. 

Cylindrical ZX00 pins were transcortically implanted into the 

roximal metaphysis of the tibiae in ovariectomy-induced osteo- 

orotic (Osteo), old healthy (OH) and juvenile healthy (JH) Sprague 

awley rats. Bilateral ovariectomy was performed in 12-months old 

ats to induce osteoporosis, and osteoporosis progression was ob- 

erved by in vivo μCT. We demonstrate that ovariectomy results 

n reduced trabecular bone already after 8 weeks, and that this 

ffect is even more pronounced after 12 weeks. This result is in 

ccordance with other studies using an ovariectomy-induced os- 

eoporotic rat model [ 60 , 61 ]. Here, several studies on osteoporotic 
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Fig. 7. Histological investigation. Undecalcified thin ground sections of samples after 24 weeks of implantation stained with Laczko, Levai. The dyes stain soft tissue blue 

and calcified tissue in shades of pink, with older bone appearing lighter than younger bone. Fist column (a, d, g) show the Osteo, second column (b, e, h) the OH and 

third column (c, f, i) the JH group. First row shows overviews of the thin ground sections of horizontal cuts through the tibia. Green, lager and blue smaller rectangles are 

locations of the magnification in second and third row respectively. The second row shows the area of and surrounding the pins. Degradation is visible on the surface of 

the implant as a perimeter in pink. In (d) only bone to degradation area contact in the inserted end is observable, bone is separated from implant in the cortical region. In 

(g) detail of the Implant separation between implant and bone by soft tissue; cell less, pink degradation area is visible. In (e) bone surrounds the implant and is in contact 

with the degradation area, only a few locations in the bone and the right tip of the implant is bone contact free. In (h) the detail of the implant bone is in contact with the 

degradation area on the left side newly formed bone connects old bone sequesters and is in contact the undegraded part of the implant. New bone was added to a resorbed 

surface in the middle of the image bone is newly formed. In (f) bone surrounds the implant to a large amount. and mostly in contact with the degradation area, only at the 

right tip of the implant bone is in contact to the undegraded implant. In (i) the detail of the implant a thin newly formed bone layer is in contact with the thick degradation 

area and only in contact with the old bone via a small bridge, soft tissue separates the newly formed and old bone in the most parts. 
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nimals used female rats that underwent ovariectomy at the age 

f 3-6 months [ 62 , 63 ]. Below 6 months of age, however, the

variectomy-induced osteoporosis model shows some major disad- 

antages and therefore limits the validity of the results [ 64 , 65 ]. For

nstance, in 3-months old ovariectomy-induced osteoporotic rats 

ongitudinal bone growth still occurs and, accordingly, connectivity 

f trabeculae is increased compared to old rats [66] . Since rats are 

nown to reach skeletal maturation at the age of 6-10 months and 

enile osteoporosis mainly occurs after one year, we thus chose the 

resented aged model to induce estrogen deficiency via ovariec- 

omy making it more comparable to the human situation. In this 

ay, we observed an age- and estrogen-deficiency-related reduc- 

ion of trabecular bone also in the OH control group, which indi- 

ates bone loss over time and might be associated with progress- 

ng ovariectomy-induced osteoporosis, as also proposed in other 

tudies [67] . 

Bilateral, transcortical implantation of ZX00 pins was performed 

n rats at the ages of 15 months (Osteo and OH group) and 6 

eeks (JH group), and in vivo μCT imaging was done at several 

ime points after surgery ( Fig. 2 ). Reconstruction of these μCT data 

evealed a significantly decreased implant volume in the Osteo and 

H rats compared to the JH rats for the entire study duration, 

nd a significantly reduced implant volume of the Osteo rats com- 

ared to the OH rats after 24 weeks of surgery ( Fig. 3 a). More-

ver, the implant surface of the Osteo rats was found to be signif- 

cantly decreased compared to the healthy rats (OH and JH group) 

or the entire study period ( Fig. 3 b). Combining the computations 

or implant volume and surface, we conclude that the degradation 

ate is highest in ovariectomy-induced osteoporotic rats followed 

y old and juvenile healthy rats. A previous study performed by 

he authors showed promising results in terms of the degrada- 

ion of ZX00 implanted into the diaphysis of juvenile rat femurs, 

here ZX00 was found to degrade monotonously with a volume 
435
oss of 19% after 24 weeks of implantation, suggesting a total re- 

orption after two years [34] . Other researchers suggested that im- 

lant degradation may be affected by the implantation site since 

one repair in the metaphysis depends on bone marrow stromal 

ells, whereas periosteum plays a key role in diaphyseal bone re- 

air [68] . However, in the present study, computing the volume 

oss of ZX00 implants in the proximal metaphysis of the tibiae re- 

ealed a degradation of 17.27 ±1.94% over 24 weeks, which indi- 

ates a comparable degradation rate independent of the implanta- 

ion site. 

The usage of Mg as an implant material that releases Mg ions 

or the beneficial support of bone formation is not a new idea 

 69 , 70 ], but studies in old and, especially, in osteoporotic animals 

re rare. In literature, there are only few studies that investigated 

g-based implants or Mg-coating on Ti alloys in osteoporotic 

one. One study [71] evaluated the beneficial effect of immers- 

ng Ti mini-screws in magnesium-chloride solution before implant- 

ng them into the tibiae and femurs of ovariectomy-induced osteo- 

orotic rats. Seven days after implantation, significantly increased 

ew-bone volume was observed in the group with magnesium- 

mmersed Ti mini-screws compared to the untreated Ti screws. 

hang et al. [37] further demonstrated Mg’s role in the bone- 

racture repair of osteoporotic rats by promoting CGRP-mediated 

ifferentiation of osteogenic effects. Previously, the combination of 

g and zoledronic acid has been demonstrated to have beneficial 

ffects on osteogenesis and inhibitory effects on osteoclastogenesis 

66] . Bilayer coating on a Mg–Nd–Zn–Zr (JDBM) alloy resulted in 

ontrolled Mg degradation and improved osseointegration. By in- 

orporation of zoledronic acid (ZA) into the coating, intramedullary 

ails based on the JDBM alloy (designated as Mg/ZA/CaP) revealed 

he greatest callus formation and accelerated bone formation after 

2 weeks. Additionally, mechanical performance was improved in 

he Mg/ZA/CaP group after 12 weeks. The researchers concluded 
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hat the co-delivery strategy improved the treatment efficacy in 

steoporotic bone [72] . However, the study duration of these few 

rojects was short and, to the best of our knowledge, this present 

tudy is the first that reports Mg-implant degradation for a study 

uration of 24 weeks in ovariectomy-induced osteoporotic rats. 

Unpredictable degradation behavior and related major hydro- 

en gas formation have long limited Mg’s application in ortho- 

edic surgery. Several studies have been conducted, investigating 

arious Mg-based alloys of different composition, with and with- 

ut surface modification, in order to achieve more information on 

egradation behavior, osseointegration, gas formation, accumula- 

ion of degradation products, impact on juvenile bone growth, and 

eneral tolerance, i.e. induction of systemic inflammatory reactions 

 34 , 55 , 73–78 ]. Most of the studies used Mg alloys with the addi-

ion of rare-earth elements, with some of them known to slow 

own Mg’s degradation rate. However, ZX00 is a Mg–Zn–Ca al- 

oy with an exceptionally low amount of alloying elements, which 

s solely based on materials that occur naturally in the human 

ody and therefore may also be safely applied in patient cohorts 

uch as children. In the present study, we demonstrate that ZX00 

onotonously degrades and only generates moderate gas evolu- 

ion in juvenile healthy (JH) rats. In contrast, the gas volume was 

ignificantly increased in ovariectomy-induced osteoporotic (Osteo) 

ats compared to the JH rats already after 2 weeks, and this trend 

ontinued until the end of the study. Two weeks after implanta- 

ion, the gas volume was also increased in the Osteo rats compared 

o the old healthy (OH) rats. Additionally, bone in-growth and os- 

eointegration was not observable in the Osteo rats. These results 

ndicate that the underlying reason for increased degradation rates 

nd, accordingly, increased gas formation can be attributed to the 

one condition. 

We also observed sclerotic rim formation in three out of seven 

steoporotic rats, at least in one or even both legs. Sclerotic rims 

ave been described to develop in order to protect the bone- 

arrow cavity from foreign bodies [79] . Since sclerotic rims were 

nly observed when gas volume strongly increased, we assume 

hat the bone perceives a rapidly degrading implant as a for- 

ign body and immediately responds by developing a sclerotic rim 

o protect the bone-marrow cavity and the bone-marrow stromal 

ells. In clinics, sclerotic rims develop to prevent or delay the bone 

rom osteonecrotic collapse by providing mechanical support [80] . 

steoporosis is associated with a low-grade inflammatory state 

agged by increased cytokines, such as TNF α and IL-1 β . Inflamma- 

ion may induce a pH drop leading to acidosis. However, little is 

nown about the influence of the local bone environment on Mg 

egradation [81] . High pH values over 11.5 promote a stable hy- 

roxide layer on Mg’s surface, while pH values below 11.5 support 

mplant degradation. Accordingly, an increased Mg-implant degra- 

ation rate is suggested in vivo due to a physiological pH value of 

.4. 

In general, since we aimed to evaluate the in vivo response to 

variectomy, the μCT scans had to be performed at relatively low 

esolution, so that a quantification of the bone-mineral density was 

mpossible. Nevertheless, osteoporosis progression was still conclu- 

ive and an obvious decrease of the trabecular structure was ob- 

erved. Moreover, the bone-volume fraction, as quantified by high- 

esolution SRμCT (see Fig. 6 ), was found to be reduced in the Os-

eo group compared to the OH and JH groups. This is in line with

ther findings on the impact of osteoporosis on bone-volume frac- 

ion [82–84] . Similarly, in line with previous studies we found that 

he trabecular thickness was similar for the Osteo group and for 

he OH group, while the connectivity was reduced [85] . The mean 

alues agree well with those observed in the literature, suggest- 

ng that the implants’ presence had no significant influence on the 

rabecular bone volume. Qualitative histological analysis confirmed 

he increased gas formation under osteoporotic conditions, follow- 
436 
ng the enhanced implant degradation in the Osteo group. The in- 

reased gas formation could be the reason for less bone integra- 

ion, with a large amount of soft tissue in contact with the degra- 

ation area. The degradation seems to be in an advanced state in 

hich the implant appears homologously degraded with less deep 

it corrosions compared to the other groups. OH and JH group 

howed better bone integration and less overall degradation, how- 

ver, locally deeper pit corrosions. 

. Summary and conclusions 

In summary, we demonstrate increased ZX00 implant degrada- 

ion in ovariectomy-induced osteoporotic (Osteo) rats compared to 

ld healthy (OH) and juvenile healthy (JH) animals. Sclerotic rim 

evelopment was observed in about half of the Osteo rats, suggest- 

ng that bone prevents itself from the (rapidly degrading) foreign 

ody and from osteonecrosis development. Osteoporosis-associated 

ow-grade inflammation may decrease the pH value, resulting in 

ccelerated ZX00 implant degradation with increased gas forma- 

ion. However, further studies are needed to unravel the underlying 

etabolic and biochemical mechanisms behind this phenomenon. 

urthermore, it still remains unclear whether osteoporotic bone in- 

reases ZX00 degradation to compensate for its Ca/Mg deficiency. 

herefore, studies may be needed that focus on the application of 

g-based implants in estrogen- and/or Ca/Mg-supplemented os- 

eoporotic models to investigate whether Mg-implant degradation 

ill be decreased because the compensation for Ca/Mg deficiency 

ould then become unnecessary. To date, ZX00 provides a promis- 

ng implant material for young and older healthy patients. This 

tudy suggests, however, that ZX00 may not be of advantage in un- 

reated osteoporotic conditions, and it can be safely assumed that 

his also applies to other Mg-based implants, including those con- 

aining rare-earth elements. 
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