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A B S T R A C T   

Magnesium (Mg) alloys have become a potential material for orthopedic implants due to their unnecessary 
implant removal, biocompatibility, and mechanical integrity until fracture healing. This study examined the in 
vitro and in vivo degradation of an Mg fixation screw composed of Mg-0.45Zn-0.45Ca (ZX00, in wt.%). With ZX00 
human-sized implants, in vitro immersion tests up to 28 days under physiological conditions, along with elec-
trochemical measurements were performed for the first time. In addition, ZX00 screws were implanted in the 
diaphysis of sheep for 6, 12, and 24 weeks to assess the degradation and biocompatibility of the screws in vivo. 
Using scanning electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDX), micro- 
computed tomography (μCT), X-ray photoelectron spectroscopy (XPS), and histology, the surface and cross- 
sectional morphologies of the corrosion layers formed, as well as the bone-corrosion-layer-implant interfaces, 
were analyzed. Our findings from in vivo testing demonstrated that ZX00 alloy promotes bone healing and the 
formation of new bone in direct contact with the corrosion products. In addition, the same elemental composition 
of corrosion products was observed for in vitro and in vivo experiments; however, their elemental distribution and 
thicknesses differ depending on the implant location. Our findings suggest that the corrosion resistance was 
microstructure-dependent. The head zone was the least corrosion-resistant, indicating that the production pro-
cedure could impact the corrosion performance of the implant. In spite of this, the formation of new bone and no 
adverse effects on the surrounding tissues demonstrated that the ZX00 is a suitable Mg-based alloy for temporary 
bone implants.   

1. Introduction 

In orthopedic surgery, permanent or temporary implants are used for 
realignment and fixation to ensure adequate bone healing. Permanent 
implants, such as the ankle, knee, wrist, or hip implants, will ideally 
function in the human body for the patient’s life [1]. Temporary or-
thopedic implants, such as pins, wires, screws, or plates, are used to 
repair fractured bones and are only meant to be used for an adequate 
time [2]. Usually, metallic orthopedic implants made from Co-based 
alloys, stainless steel, and Ti and its alloys are considered the gold 
standard metals for the internal fixation [3]. However, toxic metallic ion 

release, periprosthetic infection, and stress shielding effects are per-
manent metallic implant-related complications [3–6]. 

These drawbacks of permanent implants could inhibit the bone for-
mation or bone resorption processes and necessitate a second surgery to 
retrieve or remove them after the bone has healed [7]. On the other 
hand, due to its similar mechanical properties close to the bone, such as 
elastic modulus and density, Mg and its alloys are promising biode-
gradable materials [3,8–16]. Furthermore, as a material for orthopedic 
applications, Mg-based devices have shown osteoinductive and osteo-
conductive effects, substantially high mineral apposition rates, and 
enhanced bone mass around Mg-implants [17,18]. Nevertheless, one 
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major obstacle that limits the application of Mg-based implants is its 
high corrosion rate, often leading to premature implant failure before 
bone tissue healing is completed [3,14,19–25]. 

Improving the corrosion resistance of Mg-based alloys is commonly 
considered an issue by researchers investigating biomaterials [26,27]. 
Purifying, alloying, coating, and surface treatments are different ap-
proaches that can decrease the corrosion activity of Mg-based materials 
[28]. It is worth noting that alloying elements not only improve 
biocompatibility and control of the degradation behavior but can also 
improve the mechanical properties of the material and introduce 
another biological function such as antibacterial effects (Ag) or further 
cellular processes (Zn, Ca) [24,29–32]. Studies show that resistance to 
general and pitting corrosion of Mg alloys is improved by adding Ca [9, 
23,33,34]. Zn also enhances the corrosion resistance of Mg alloys via a 
solid hardening mechanism and may reduce hydrogen evolution during 
the degradation [8,28,29,34,35]. Moreover, Zn is essential for numerous 
biological functions in the human body, such as stimulation of new bone 
formation, preservation of bone mass, signal transmission, apoptosis 
regulation, and gene expression [36]. However, the high concentration 
of Zn can cause microporosity during solidification and increase the 
susceptibility to corrosion attack [24,37,38]. 

Recent preclinical studies [17,32,39–41] have demonstrated that the 
alloying system Mg–Zn–Ca (ZX alloys) is biologically safe and promotes 
osseointegration. Jang et al. [42] examined the corrosion behavior of 
Mg–Zn–Ca alloys in subcutaneous mouse models for 60 days. They 
observed that with the increasing Zn concentration, the degradation rate 
of the materials accelerated. Using micro-computed tomography (μCT) 
analysis, Kraus et al. [17] investigated the degradation behavior of ZX50 
(Mg–5Zn-0.25Ca in wt.%) and WZ21 (Mg–1Zn–2Y in wt.%) pins. 
Although the results demonstrated that ZX50 degrades more rapidly 
with high hydrogen gas formation, an improvement in bone formation 
around the implant was observed. Grün et al. [32] studied the degra-
dation behavior of ZX00 (Mg-0.45Zn-0.45Ca in wt.%) alloy using 
models of both small and large animals. After 6, 12 and 24 weeks of in 
vivo implantation the alloy degraded slowly and uniformly, with no 
adverse effect on bone formation and in-growth. Holweg et al. [39] 
examined the degradation performance of ZX00 screws for fracture 
stabilization in a sheep model, and they demonstrated that the osteot-
omies completely consolidated after 12 weeks. In the femur of juvenile 
rats, Cihova et al. [40] implanted ZX10 (Mg–1Zn-0.3Ca in wt.%) and 
ZX20 Mg-1.5Zn-0.25Ca in wt.%) pins, and it demonstrated that ZX10 
degraded at a slower rate when compared to ZX20. Mao et al. [41] 
observed a slow degradation rate after 12 weeks when Mg–2Zn-0.05Ca 
rods were implanted in femoral condyles of rabbits with severe localized 
corrosion between 12 and 16 weeks, without accumulation of corrosion 
products in the surrounding tissues. Sommer et al. [43] studied the 
degradation of ZX00 pins after 4, 8 and 12 weeks of implantation in 
juvenile, old, and osteoporotic rats. Compared to young and aged rats, 
the osteoporotic rats exhibited accelerated degradation and increased 
gas evolution. After 24 weeks of implantation of ZX00 pins in rats, 
Okutan et al. [44], observed homogeneous degradation along with 
increased gas accumulation and superior new bone tissue formation. 
Marek et al. [45] also investigated the degradation behavior of ZX00 
screws at various implant locations. According to their findings, the 
cortical bone thickness was greater around ZX00 screws than Ti screws, 
which showed low bone-to-implant contact (BIC) values. Similarly, they 
implanted trans-epiphyseal ZX00 nails in juvenile sheep, demonstrating 
no deleterious influence on the longitudinal bone growth, despite 
bone-structure alterations observed in the initial phase of ZX00 nail 
degradation [46]. Han et al. [47] implanted Mg5Ca1Zn pins in the 
femoral condyle of rats and observed accelerated bone healing due to 
the release of anabolic metallic ions into the adjacent tissues, which 
stimulated the growth of blood vessels and actively recruit osteoproge-
nitors cells. 

One of the most critical problems regarding Mg–Zn–Ca alloys used in 
biomedicine is the precipitation-dependent corrosion of those alloys. 

Hofstetter et al. [24] investigated in vitro and in vivo corrosion behavior 
of conventional purity and ultrahigh-purity Mg–5Zn-0.3Ca (ZX50) Mg 
pins and found that a reduction in the impurity level to trace amounts 
decreased the alloy’s degradation rate. Cihova et al. [40] compared 
Mg–1Zn-0.3Ca (ZX10) and Mg-1.5Zn-0.25Ca (ZX20) in terms of 
micro-galvanic corrosion, where various phases formed micro- or 
nano-galvanic couple with Mg matrix. They stated that the large 
cathode-to-anode ratio of μm-sized Mg-matrix grains and nanometric 
Mg2Ca-type intermetallic particles (IMPs) expectedly caused the rapid 
dissolution of the latter in the ZX10 alloy. Nevertheless, the corrosion of 
ZX10 screws can be controlled, and the continuous degradation of the 
biomimicking calcification matrix initiates the bone formation process 
[48]. 

The extensive research on Mg as an absorbable metal has evolved 
into translational research. There have been clinical trials with Mg- 
based implants for orthopedic applications, and pure Mg, Mg–Ca–Zn, 
and Mg-RE screws are currently in clinical use [11,48–55]. Nevertheless, 
despite the fact that Mg implants can be used as absorbable metals for 
orthopedic applications, a 13% complicate rate [56] has been reported, 
including swelling and moderate hyperemia [57,58], femoral head 
collapse [50], resorption cysts [59], postoperative infection and pain 
[56]. Hence, it is meaningful to explore the causes of such clinical 
complications and how tailor de corrosion resistance of Mg implant to 
overcome these challenges. 

Although the behavior of ZX alloys has been several times investi-
gated under in vitro and in vivo conditions, there is a significant lack of 
information on the corrosion processes and changes in thickness and 
composition of the corrosion products resulting in degradation of Mg- 
0.45Zn-0.45Ca (ZX00) screws under physiological conditions. It is 
crucial to investigate the corrosion layer formed during Mg degradation 
as the formation of this layer might be modified and change during the 
implant degradation with some ions released and absorbed earlier than 
others [60], and as a consequence, various degradation could be 
observed [61]. 

Previous studies of the ZX00 alloy have examined the microstructure 
and estimated the corrosion rate in vitro using simple samples (i.e. rods), 
while in vivo studies have been conducted using screw-shaped implants 
[39,40,62]. The fabrication procedures used for Mg-based implants have 
a direct influence on their properties and performance in the biological 
environment [63,64]. Marco et al. [65] observed distinct degradation of 
pure Mg, Mg-10Gd and Mg–2Ag alloys in vitro and in vivo. According to 
their findings, the increased corrosion rate observed in vitro may be due 
to different immersion solutions employed or the presence of impurities 
in the alloys, but it may also be the result of different processing routes, 
as in vitro specimens were disc-shaped while in vivo specimens were 
pin-shaped, with larger grain size in the discs compared to the pins. 
Similarly, Liu et al. [66] found that differences in grain size and texture 
of pure Mg and AZ31 formed during different manufacturing processes 
may result in different local interactions with biomolecules such as 
proteins under physiological conditions, further contributing to the 
different immune responses. This was observed when pure Mg and AZ31 
pins were implanted in the femoral shaft of rats. 

In addition to the manufacturing procedures, the local tissue meta-
bolism at the implantation site also influences the corrosion of Mg im-
plants. The interface between a surgical implant and the adjacent tissues 
is characterized by complex and dynamic mechanical and biological 
interactions (immune and inflammatory response as well as bone heal-
ing processes [67]) between the implant and surrounding tissues [68, 
69]. These interfaces between tissues (bone, cartilage, tendon, ligament, 
muscle and soft tissues) and Mg implants are of crucial importance; and 
influence the corrosion performance of Mg-based devices and the heal-
ing and remodeling potential of tissues [70]. Understanding the complex 
biological interactions between Mg implants and adjacent tissues is 
essential for the target-oriented implant development processes of 
Mg-based devices taking into account the implantation sites used in 
clinics [71]. Consequently, it is still necessary to investigate the 
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corrosion performance of Mg–Zn–Ca alloys and the influence of the 
processing routes in order to comprehend their degradation and in-
teractions with the physiological environments to which the alloy is 
exposed. Hence, this study investigates the degradation behavior of 
low-alloyed ZX00 screws with the same geometry and dimensions under 
physiological conditions (in vitro and in vivo) and, for the first time, 
characterizes the subsequent corrosion products at different screw 
zones, with an emphasis on the impact that the manufacturing process 
may have on the corrosion performance at various regions of the screw: 
the head, the valley, and the tip. 

2. Material and methods 

2.1. The fabrication process of the screw 

Custom-made (not commercially available) screws were manufac-
tured by Ernst Wittner GmbH, Wien, Austria, from extruded rods pro-
duced at ETH Zürich in collaboration with Cavis AG. Briefly, the screws 
were fabricated from the ZX00 alloy (Mg-0.45Zn-0.45Ca) which was 
made from pure Mg (99.9999 wt%) alloyed with Ca (99.95 wt%) and Zn 
(99.9999 wt%), and subsequently extruded to the shape of rods with 6 
mm in diameter. The extrusion and homogenization process is further 
described in Ref. [39]. The thread and the head of the screws were 
computer-turned (using a computer numerical control machine, CNC), 
and the head’s Torx was drily milled without using cooling oil to reduce 
the risk of corrosion attack and contamination. The screws were ultra-
sonically cleaned in acetone, air-dried and gamma sterilized at 25 kGy 
γ-radiation dose. As shown in Fig. S1, the screws were fabricated with a 
length of 16 mm, an outer diameter of 3.5 mm, and a head diameter of 
5.7 mm. 

2.2. Microstructure characterization 

The surface morphology of the as-received sterilized ZX00 screws 
was analyzed using a stereomicroscope (Olympus SZ61, Japan) and 
scanning electron microscopy (SEM, Hitachi, SU-8000, Japan) equipped 
with an energy dispersive X-ray detector (EDX, UltraDry EDS Detector, 
Thermo Scientific™). The chemical composition of the as-manufactured 
screw determined by EDX is presented in Table S1. The surface rough-
ness was determined by analyzing three random areas of 100 μm × 100 
μm per screw using a confocal laser scanning microscope (CLSM, Key-
ence, VK-1000, Japan). The phase composition of the screws was 
determined using X-ray diffraction (XRD, Bruker D8 Advance) operated 
at 40 kV and 40 mA with Cu-Kα radiation. The results were recorded by 
stepwise scanning 2θ from 10◦ to 120◦, with a step size of 0.02◦ and a 
count time of 10 s per step. The microstructures on the surface 
perpendicular to the extrusion direction were observed using an SEM 
(Hitachi, SU70, Japan) after ion milling in an Ar + beam (Hitachi, IM 
4000, Japan). Crystallographic orientations and distribution of grain 
sizes were calculated based on the results obtained from the electron 
backscattered diffraction (EBSD) performed on the SEM SU70 equipped 
with a Bruker EBSD detector. The EBSD scans were conducted with a 
step size of 0.1 μm. The crystallographic orientations of grains are shown 
as inverse pole figure (IPF) maps where various colors distinguish an 
orientation of a given sample direction in a crystal frame. Grain 
boundary characterizations are also shown. If the angle between two 
neighboring grains was distorted by more than 15◦, then the angle be-
tween those grains was described as a high-angle grain boundary 
(HAGB). When the grains were misoriented by less than 15◦, a low-angle 
grain boundary (LAGB) was created between those grains. Additionally, 
Kernel average misorientation maps calculated for 5th nearest neighbors 
are depicted. 

2.3. In vitro studies 

2.3.1. Immersion tests 
Thirty screws were entirely immersed in α-minimum essential me-

dium (α-MEM; Life Technologies, Germany), supplemented with 10% 
fetal bovine serum (FBS) (Gibco, Life Technologies, Germany) and 1% 
penicillin/streptomycin (100 units/mL penicillin and 100 μg/mL 
streptomycin P/S; Invitrogen, Germany) for 3, 6, 14, 21, and 28 days, 
respectively (n = 6/time point). Sterilized 12-well culture plates 
(Greiner Bio-One, Germany) were used to place one ZX00 screw per 
well. Each sample was immersed in 2 mL of immersion medium and 
incubated under cell culture conditions (37 ◦C, 5% CO2, 20% O2 and 
95% controlled humidity). Three empty wells filled with immersion 
medium were used as the control. The immersion medium was changed 
every 2–3 days. The pH and osmolality of the initial culture medium 
were recorded using a pH meter (Sentron® SI600, Sentrom Europe BV, 
Netherlands) with a MiniFET probe and a cryoscopic osmometer 
(OSMOMAT® auto, Gonotec GmbH, Germany), respectively. The pH 
and osmolality of the supernatant with and without samples were 
measured after each cell culture medium change. At the determined 
time of immersion (3, 6, 14, 21 and 28 days), samples were rinsed with 
deionized water and ethanol and finally air-dried. 

Hydra Medusa Software [72] was used to calculate the fraction of the 
chemical equilibrium diagrams for each immersion time point based on 
the ionic concentration of the immersion medium composition 
(Table S2). The Mg concentration was determined using the calculated 
the corrosion rate (CR) based on the mass loss measurements to un-
derstand the various compounds that could form during the immersion 
in the solution used for this research throughout the entire pH range. 

2.3.2. Corrosion rate calculations after in vitro immersion 
To calculate CR based on mass loss measurements, after immersion 

in the α-MEM medium for the defined time, the corrosion products from 
the samples (n = 3screws/time point) were chemically removed by 
samples treatment in fresh chromic acid (180 g/L in distilled water, 
VWR International, Germany). Equation (1) was used to calculate the CR 
[73]: 

CR=(K ×W)∕(A× T ×D) (1)  

where: K is a constant (8.76 × 104 mm × y− 1), W is the mass loss change 
(g), A is the exposed surface area (cm2), T is the time of exposure (h), and 
D is the material density (g × cm− 3). 

All 3–28 days of data were fitted with linear regression and inserted 
into an empirical two-parameter Equation (2) [74]. 

h= h∞.t + h0 (2)  

where h is the mean degradation depth in μm, h∞ describes the CR of the 
alloy at higher immersion times, t is the total incubation time in days, 
and h0 is the y-intercept describing the degradation depth to initial 
reactions. 

The CR calculated based on the mass loss measurements were 
compared with CR calculated using microcomputed tomography (μCT, 
Poenix Nanotom®, GE, Germany). To quantify CR, μCT scans were 
conducted at 100 keV, 1000 ms exposure time, and 7.5 μm voxel size on 
three immersed specimens for each designated time. X-AID 2021.2.0. 
(MITOS, GmbH, Garching, Germany) and Amira-Avizo 9.4.0 (FEI SAS, 
ThermoScientific, France) software were used for reconstruction and 
segmentation, respectively. The corrosion rate of the screws was deter-
mined using Equation (3) [75]: 

CR=
Vi − Vr

A ∗ t
(3)  

where Vi is the volume of the as-received screw before immersion 
(mm3), Vr is the residual volume (mm3), A is the surface area of the as- 
received screw before immersion (mm2), and t is the immersion time 
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(year). Before immersion tests, the initial volume and surface, the vol-
ume and surface area of the original screw were calculated and it was 
found to be 114.54 mm3 and 229.53 mm2, respectively. 

2.3.3. Characterization of the screws after in vitro immersion tests 
After immersion tests, the macro images of the specimens were taken 

using an Olympus SZ61 stereomicroscope. Further observations of the 
corroded screws were done using SEM (Hitachi S3500 N, Japan) in low 
vacuum mode at 70 Pa. The chemical analyses of the corrosion products 
were done using an energy-dispersive X-ray spectrometer (EDX, Ultra-
Dry EDS Detector, Thermo Scientific™). After each immersion period, 
changes in the surface area (SA, mm2) recorded using μCT were calcu-
lated using Equation (4): 

SA =Ai − Ad (4)  

where Ai is the surface area calculated for the specimen after immersion, 
and Ad is the surface area of the corroded screw after removal of the 
corrosion layer. Additionally, the reconstructed 3D images of in vitro 
samples with and without corrosion products were shown and 
compared. 

To determine the thickness and chemical composition of the corro-
sion layers, cross-sectional observations of in vitro specimens were per-
formed. The samples were ion milled using IM4000 Hitachi Ion Milling 
System and subsequently coated with carbon. Then, measurements of 
the thickness of the corrosion layer were performed using Fiji software 
[76]. XRD measurements were performed on the immersed screws. 
However, except for peaks from the substrate phases and strong back-
ground noise, no information was obtained from the corroded surfaces. 
Similar challenges in identifying the phase constituents of the corrosion 
products have been reported previously [77–79]. Therefore, the chem-
ical composition of the corrosion products formed on the three zones of 
the screw (head, valleys, tip) after 3 days of in vitro immersion were 
characterized using Versa Probe III AD photoelectron spectroscopy 
(XPS, PHI, USA) with a monochromatic Al Kα (1486.3 eV) X-ray source. 
For each measurement, spectra were acquired on a 200 μm analysis spot 
size with a charge neutralizer turned since the thick, unconducive oxides 
were present on the surface after the immersion. Survey spectra were 
measured at a pass energy of 224 eV and a step of 1 eV, while 
high-resolution XPS spectra were measured at a pass energy of 55 eV and 
a step of 0.05 eV. For survey spectra, 10 cycles were performed, and for 
all the HR spectra measurements, at least 15 cycles were done. The XPS 
spectra were corrected for the possible charging effect using carbon C 1s 
peak with the binding energy of 284.7 eV. After acquiring the spectra, 
the data were processed with the CasaXPS with Shirley background 
subtraction. The accuracy of the binding energy (BE) scale is estimated 
to be 0.2 eV. High-resolution spectra for Mg 1s, O 1s, C 1s and Ca 2p 
were analyzed. To remove the top layer of the sample, Ar+ ion sputtering 
of the sample was performed. Sputter time was 2 min at 2 kV over a 2 
mm × 2 mm area that was centered in the middle of the sample. Zalar 
rotation was turned on to sputter the sample evenly and to eliminate the 
ripening effect of the sputtering. Right after sputtering, high-resolution 
spectra for C 1s, O 1s, Mg 1s and Ca 2p were acquired on a spot area 
centered in the middle of the sample. 

2.3.4. Electrochemical measurements 
The corrosion resistance of the tip, the thread and the head of the 

screws was analyzed using electrochemical methods (open circuit po-
tential, electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization) in phosphate-buffered saline solution (PBS, tablets 
purchased from Sigma Aldrich). One tablet dissolved in 200 mL of 
deionized water yields 10 mM phosphate buffer, 2.7 mM potassium 
chloride, 137 mM sodium chloride, and a pH of 7.4. The electrochemical 
setup was composed of a platinum (Pt) wire as a counter electrode, silver 
chloride (Ag/AgCl) as a reference electrode, and the measured sample as 
the working electrode. Testing was done using potentiostat Gamry 

Instruments Reference 600+ at 37 ◦C. First, the open circuit measure-
ments were carried out for 1 h. Afterwards, EIS and potentiodynamic 
tests were recorded. EIS was carried out at open circuit potential with an 
AC amplitude of 10 mV over a frequency range from 0.01 Hz to 10 kHz. 
The potentiodynamic polarization tests were registered from the 0.5 V 
below open circuit potential (EOCP) to 1.5 V vs EOCP with a scan rate of 1 
mV/s. The results were fitted using Gamry Framework™ software 7.8.2. 
For the electrochemical testing, samples were molded in acrylic resin. 
The exposed area of the samples was ground using 600-4000-grit SiC 
papers and subsequently polished with 3 and 1 μm water-free diamond 
suspensions (glycol-based lubricant was used). To ensure the repro-
ducibility of the results, at least three measurements for each sample 
were made. 

2.4. In vivo animal model 

Ethical statement 
The large animal trial (Permit number: BMBWF-66.010-0107-V-3b- 

2019) was approved by the Austrian Federal Ministry for Science and 
Research and followed the guidelines for the accommodation and care of 
animals formulated by the European Convention for the protection of 
vertebrate animals used for experimental and other scientific purposes. 
The experiment was performed according to the 3R principles (replace, 
reduce, and refine). 

2.4.1. Animal surgical procedure 
The in vivo degradation behavior of ZX00 screws was evaluated after 

implantation into the diaphysis of sheep (Ovis aries) over 24 weeks. 3- 
month-old female lambs were randomly assigned to three groups for 
observation periods of 6, 12 or 24 weeks (n = 3 per group). The sheep 
were group-housed at the testing facility (Medical University of Graz) in 
a sheep-shed with access to the outdoor meadows for one week prior to 
surgery, to reduce stress and enable environmental acclimation. Food 
and water were always provided ad libitum. All lambs underwent sur-
geries under sterile clinical conditions and general anesthesia. After 
shaving and disinfection of the tibiae, three ~2 cm long incisions were 
made at 3–5 cm distances in the medial diaphyseal area, followed by 
periosteal dissection down to the bone. Bicortical drilling was performed 
at each dissected area, using a 2.7 mm drill bit and a 3.5 mm tapper. 18 
screws were implanted into the right diaphysis of the animals in a 
strictly lateral direction to the tibial shaft (Fig. S2). Wounds were closed 
in layers and disinfected using an iodine solution. Carprofen and 
buprenorphine were used as postoperative analgesia for four days, while 
gentamicin and penicillin were administered for infection prophylaxis 
reasons for five days. Wound checking was performed daily by trained 
employees for two weeks. Following, the sheep were transferred to an 
external housing facility, where they were kept on meadows with a 
shelter with access to hay, food, and water ad libitum. Daily inspection 
concerning behavioral peculiarities (e.g., eating, moving, etc.) was 
performed by the farmer and at least weekly by a vet. The animals were 
transferred back to the animal facility for the sacrification which was 
done by intravenous overdose injection of propofol, ketamine and po-
tassium chloride after 6, 12 or 24 weeks. Finally, one tibia per animal 
was harvested for further use. Titanium (Ti) screws with similar di-
mensions were implanted in the left diaphysis of sheep as a control. The 
comparative analysis between ZX00 and Ti screws has been described in 
Refs. [45,80]. Therefore, these data are not presented here. 

2.4.2. Ex vivo micro-computed tomography data acquisition and analyses 
Ex vivo μCT imaging was performed on all harvested tibiae using a 

Bruker SkyScan 1276 scanning device (Bruker, Germany). An 
aluminum-copper filter was used with operating voltage and current of 
100 kV and 200 mA, respectively. The rotation step size was set to 0.4◦ at 
a binned pixel size of 80.2 μm. Nine explants were scanned, three ex-
plants per time point. The scanned data was converted into DICOM 
format and imported to Avizo Fire Software (version 2020.2). For 
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descriptive analysis, two-dimensional (2D) planes and three- 
dimensional (3D) reconstructions were assessed using Avizo Fire Soft-
ware. The radiolucent zones adjacent to the screws were defined as gas 
bubbles caused by the corrosion of the screws. 

2.4.3. Characterization of the corroded surfaces 
Following μCT imaging, the diaphysis was cut in the transverse plane 

with a minimum of 2 cm from the screws. One-half of the screws (n = 9) 
were used for the characterization of the corroded surfaces, while the 
other half (n = 9) was used for the SEM/EDX and histological exami-
nation of the implant-tissue interface. For the corrosion layers charac-
terization, three ZX00 screws were investigated after 6, 12, and 24 
weeks of implantation. To extract the screws from the bone, the cortex of 
the diaphyses were cut using a Dremel rotatory cutter with a wood blade 
(SC544). Special care was taken to not cut into the screw or the corrosion 
layers. Then, the screw implants were carefully removed and fixed in 
100% ethanol for 2 h and air-dried for 2h. Specimens were stored under 
vacuum conditions until microscope analysis. Stereomicroscope, SEM/ 
EDX analysis in a low-vacuum mode (70 Pa) was performed to deter-
mine the surface morphology and the chemical composition of the 
corrosion layers at the head, shaft, and valley regions of the screw. For 
corrosion morphology analysis at the bone-implant interface, three 
bone-implant specimens per time point were retrieved and fixed in 70% 
ethanol at 4 ◦C for at least five days. Afterwards, bone-implant tissue 
blocks were dehydrated in ascending grades of alcohol (80%, 96%, and 
100%), infiltrated, and embedded in Technovit® 9100 New (Heraeus 
Kulzer) as described by Willbold et al. [81]. Then, embedded blocks 
were cut parallel to the longitudinal axis of the screws. The specimens 
were ground using up to 4000-grit SiC paper and ion milled in an Ar +
beam (Hitachi System IM4000).The samples were coated with a 10 nm 
carbon layer using the Gatan precision etching coating system (PECS, 
Gatan 682). To determine the thickness and composition of the corro-
sion layer at different zones of the screws in the cortical bone and intra 
medullary cavity compartments, cross-sections were observed under 
SEM equipped with EDX. The distribution of O, Mg, P, and Ca on the 
cross sections of the corrosion layers were analyzed based on SEM-EDX 
maps and line scans. EDX point analysis was performed to 
semi-quantitatively analyze the elemental composition of the corrosion 
layer on the surface of ZX00 screws and to investigate the atomic ratio of 
Ca/P in the peri-implant bone regions. Image processing and 
bone-implant contact (BIC) determination were performed using Fiji 
image processing software. Mosaic J plugin [82] was used to stitch 
together backscattered electron (BSE) images to have an overall image 
of the cross-section of the resin bone-ZX00 screws blocks. 

2.4.4. Histological evaluation 
After SEM observations and before histological staining, one ZX00 

bone-implant embedded block per time point was prepared by cutting 
along the longitudinal axis of the implant using a laser microtome 
(TissueSurgeon, LLS ROWIAK LaserLabSolutions) [83]. 10–15 μm sec-
tions fixed on glass slides were stained using McNeal staining (Tetra-
chrome, Toluidine Blue and Basic Fuchsin). The mounted slides were 
examined under transmitted light using an optical microscope (Nikon 
Eclipse E600) coupled with a Nikon DS-Fi3 Camera. Whole slide imaging 
was acquired at 4x/0.45 and 20x/0.75 objectives. The dyes stained older 
bone matrix in light pink, whereas younger bone stained dark pink. Cell 
nuclei, fibrous and adipose tissue were stained blue. Descriptive histo-
logical evaluation was performed on a selected region of interest in the 
cortical and bone marrow cavity at the bone-implant interface. 

2.5. Statistical analysis 

Prism software (GraphPad Prism version 8.2.1.) was used for the 
statistical analysis. Statistically significant differences and comparisons 
of nonparametric independent samples were performed using Kruskal- 
Wallis tests with Dunn’s multiple comparisons post hoc tests. 

Statistical significance was considered when p ≤ 0.05. 

3. Results 

3.1. Characterization and microstructure description of the as-received 
screw 

To characterize the ZX00 screw surface in terms of its topographical 
and physicochemical properties, SEM and CLSM were used to visualize 
and quantitatively analyze the surface topography on three regions of 
interest (the head, the valley, and the tip, Fig. 1a). SEM images in 
Fig. 1b–d depicted the cutting tool-induced periodic hierarchical pat-
terns perpendicular to the long implant axis dominated the surface 
topography. The initial surface roughness was uniform on the entire 
screw with an average surface roughness (Ra) of 0.3 μm in the head and 
the tip, and Ra of 0.4 μm in the valley, which according to Albrektson 
and Wennerberg [84] classifies the ZX00 screw investigated in this work 
as an implant with smooth surface roughness. EDX measurements at the 
different parts of the screw (Table S1) revealed the presence of Mg, Zn, 
Ca and a trace amount of O suggesting the formation of a thin oxide layer 
on the surface of the screw due to contact with air and moisture 
occurring during manufacturing or cleaning procedures. 

Backscattered electron (BSE) SEM images revealed nonuniformly 
distributed course intermetallic particles (IMPs) enriched in Ca (marked 
by the red arrows in Fig. 2a–c) in the ZX00 alloy. The Zn/Ca atomic ratio 
of the representative EDX point analyses performed on IMPs was much 
less than 1.23 suggesting that the Mg2Ca forms in the alloy [39,85]. The 
presence of Mg2Ca is also confirmed by XRD (Fig. 2m). IPF maps of the 
cross-sections that are perpendicular to the extrusion direction clearly 
indicated that the microstructure of the different screw zones varied in 
terms of grain size and crystallographic orientation (Fig. 2d–f). The 
average grain size calculated based on the equivalent dimension (davg) is 
the highest for the head zone (2.15 ± 0.10 μm), while the average grain 
sizes in the valley and tip regions are found to be 1.90 μm ± 0.06 μm and 
1.91 μm ± 0.07 μm, respectively. Nevertheless, it must be underlined 
that the microstructure of the screw head is composed of elongated 
grains which are surrounded by very fine grains (Fig. 2d). This is a 
typical microstructure with non-recrystallized areas (the elongated 
primary grains) and the small grains which were refined continuously by 
the dynamic recrystallization (DRX) [86–88]. It is clearly shown that the 
recrystallization processes in the valley and the tip of the screw were 
more intense which is, in our opinion, most likely related to the turning 
procedure. The microstructure of the valley and the tip of the screw is 
composed of randomly distributed greater grains surrounded by very 
fine equiaxed grains (Fig. 2e and f). Grains formed in the head of the 
screw also have a random crystallographic orientation with the preva-
lence of the grains oriented to {2-1-10} (blue color) (Fig. 2e and f). 
Importantly, the average grain size for each screw zone is different. The 
largest average grain size was observed in the screw head. Due to the 
different recrystallization stages, the screw valley and tip displayed 
decreased grain sizes. The Kernel average misorientation (KAM) maps 
imply a strong heterogeneous distribution of dislocations in the elon-
gated grains observed in the head zone of the screw. The accumulation 
of dislocations in both the valley and tip regions was also observed. They 
were accumulated along the grain boundaries and their higher intensity 
is observed in the tip of the screw (Fig. 2j–l). 

3.2. In vitro testing 

3.2.1. Immersion tests 
The CR of the entire screws was measured based on the immersion 

tests in α-MEM solution supplemented with 10% FBS and 1% P/S. The 
ZX00 screws were exposed for 3, 6, 14, 21, and 28 days. Fig. 3a displays 
the calculated CR based on mass loss measurements and μCT data. Both 
methods of CR calculation demonstrated the same tendency for the CR 
to increase as immersion time increased. A near-linear increase in CR is 
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observed as immersion time increases (Fig. 3b). The largest variability 
between CR measurements calculated based on the mass loss measure-
ments is observed at the beginning of immersion. After 3 days of testing 
the CR was found to be 0.74 mm × year− 1. The pH of the solution 
increased abruptly during this short time of immersion, indicated by the 
color change of the immersion solution from light to intense pink 
(Fig. S3). After 3 days, the pH did not change markedly and stabilized 
after longer immersion times (Fig. 3c). The evident increase in the pH of 
the solution with the immersed screws is a result of the screw’s degra-
dation and the formation of hydroxide ions during the initial degrada-
tion of the ZX00 screw. 

After 6 days of immersion, the CR increased to 1.18 mm × year− 1. 
Afterwards, the CR slightly decreased to 0.93 and 0.97 mm × year− 1 

after 14 and 21 days of immersion, respectively. During the remainder of 
the experiment, the corrosion processes slowed down, and the calcu-
lated CR was found to be 1.04 mm × year− 1. Based on the validity of the 
linear regression of the CR plot, one can assume that the corrosion rate 
increases after 25 days of the immersion when the real values of CR 
increase are located above the red line (Fig. 3b). The increased osmo-
lality of the immersed samples compared with the control α-MEM so-
lution indicates that the cell culture conditions accelerated the 
degradation rate of the analyzed material (Fig. 3d) [89,90]. 

To have a greater understanding of the degradation parameters of 
the screws, stereomicroscope, and SEM observations (from surface and 
cross-sections) were taken after 3-, 6-, 14-, 21-, and 28- days of im-
mersion. As depicted in Fig. 4a, the as-received surface of the screw was 
smooth and sharp threads were well-defined. With the increasing im-
mersion time, the surface of the screw starts to become rough, more 
irregular, and uneven. Further, the entire screw surface turned black and 
was covered with white corrosion products (Fig. S4), which appeared as 

cracked corrosion films under SEM (Fig. 4b–f). After 14 days of im-
mersion, the corrosion products tended to peel off and the screws pro-
gressively lost their sharp contours due to the substantial dissolution of 
the threads, which was particularly noticeable after 28 days. After im-
mersion, the corroded surfaces were mainly composed of O, Mg, P, Ca 
and a trace amount of Zn and Cl (Fig. 4). A slight increase in the con-
centration of O and Ca, homogeneous distribution of P and a decrease in 
Mg content was observed as the immersion time increased. 

The thickness and the chemical composition of the corrosion layer 
were also assessed on the cross-sections using EDX line scans and 
elemental distribution maps for O, Mg, P, and Ca (Fig. 5a–e), and EDX 
point analysis (Fig. S5). C was not considered for the semiquantitative 
analysis since cross-sections were sputtered with it and because of the C 
contamination built up during SEM energy-dispersive X-ray spectros-
copy (EDX) [91]. The EDX elemental mapping and line scan analysis 
revealed that the corrosion layers consisted primarily of O, Mg, P, and Ca 
with traces of Zn. O and Mg concentrations were consistently higher 
than P and Ca concentrations at all immersion times. The ratio of Mg/O 
and Ca/P ratios were approximately 0.5 and 1.40, respectively. As 
observed in Fig. 5f, the corrosion layer thickness increased from 6.2 ±
6.1 μm after 3 days of immersion to 56.8 ± 29.3 μm after 28 days. 

For further comparison with EDX analysis, Fig. S6 depicted the total 
prediction fraction diagram of Mg chemical compounds as a function of 
pH. According to the fraction equilibrium diagrams, in α-MEM solution 
supplemented with 10% FBS and 1% P/S, the corrosion products may be 
composed of Mg(OH)2, MgHCO3+, MgHPO4, CaMg(CO3)2, and MgCO3, 
while MgSO4 is one of the inorganic salts in the medium composition. 
Between the pH range throughout the immersion test, higher calcium 
magnesium carbonate compounds formed up to 14 days of immersion 
and then began to decrease, while magnesium carbonate compounds 

Fig. 1. Surface characterization of the ZX00 screw. a) Stereomicrograph of the overall screw. Representative SEM images of b) the head, c) the valley and d) the 
tip zones with the corresponding surface roughness before in vitro and in vivo testing. (The figure should be printed in color). 
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increased in the experimental pH range. 
High-resolution XPS spectra for the head and the valley after 3 days 

of in vitro immersion shown in Fig. 6 also agree with EDX analysis. The O 
1s peak was deconvoluted and fitted with OH− at 532.7 eV, O2− at 530.9 

eV, and H2O at 534.4 eV, O–Mg at 528.9 eV (Fig. 6a). The Mg 1s peak 
was used to identify Mg compounds, as it is depicted in Fig. 6b. The 
spectrum from 1299 eV to 1318 eV was deconvoluted and fitted with Mg 
(OH)2 at 1303.0 eV, MgCO3 at1305.3 eV and Mg(CO3)4(OH)2 at 1306.8 

Fig. 2. Microstructural characterization of various regions of ZX00 screws before in vitro immersion and in vivo implantation. SEM images with the corresponding 
EDX maps and the equivalent dimensions for grains (a–c), inverse pole figure (IPF) maps with the average grain size (d–f), grain boundary (GB) distributions (g–i), 
Kernel average misorientation (KAM) maps (j–l), and X-ray diffraction patterns of the ZX00 alloy (m). (The figure should be printed in color). 
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eV [92–95]. The signals obtained in the valley and the tip were fitted 
with the same peaks, therefore, high-resolution spectra for one of them 
are shown (for the valley, Fig. 6 c-d). The shape of the peaks of the head 
and the valley are different since the number of components in the 
corrosion products varied. The corrosion products formed on the valley 
and tip were composed of Mg 1s, O 1s, Ca 2p and P 1s [96]. We observed 
also Ca 2p high-resolution spectra with the binding energy best fit CaMg 
(CO3)2. 

To analyze the surface and corrosion layer formed after the specific 
immersion times, μCT images of the screws were reconstructed before 
and after the removal of the corrosion layers. Fig. 7 depicts the recon-
structed μCT images and calculated surface area values of the screws 
after immersion (Ai) and after the removal of the corrosion layer (Ad). 
The μCT reconstruction of the as-received screw and after 3 days of 
immersion is shown in Fig. 7a. Due to the limitations of μCT resolution, 
it was not possible to distinguish the degradation layer after 3 days of 
immersion. After 6 days of immersion, only a few pits are observed on 
the screw after corrosion product removal (Fig. 7b). More intense 
corrosion damage was visible after 14 and 21 days of immersion (Fig. 7c 
and d, respectively), and the well-developed surface of the screw 
resulting from the intense corrosion processes could be observed. The 
greatest difference between Ai and Ad was found after 28 days of im-
mersion (Fig. 7e). 

The significant difference between Ai and Ad indicates that, due to 
the intense corrosion processes, thick corrosion products were formed as 
the immersion time increased, confirming the corrosion thicknesses 
measurements performed on BSE images (Fig. 5f). However, these 
corrosion products were porous and therefore cannot protect the surface 
of the screw. 

3.2.2. Electrochemical response of various regions of the screw 
The CR calculations are the most appropriate method for analyzing 

the overall corrosion propagation of various materials. However, in this 
work, we would like to focus on the variables in the kinetics of the 

corrosion processes on the different zones of the screw, which is 
extremely important from the biomedical point of view. The electro-
chemical measurements were performed in a PBS solution. Fig. 8a shows 
the evolution of the corrosion potential (Ecorr) of the samples exposed to 
PBS solution under open circuit conditions for 1 h. The Ecorr recorded for 
the head and tip of the screws did not change significantly during the 
experimental time. The lowest value of Ecorr was recorded for the screw 
head (~-1.92 V/Ref). The tip of the screw had an Ecorr value of ~ -1.90 
V/Ref). The screw valley had the greatest Ecorr value, with some fluc-
tuations visible over the time of immersion which is characteristic of the 
valley. The Ecorr of the screw valley was initially − 1.85 V/Ref, decreased 
to ~ -1.87 V/Ref, and approached − 1.80 V/Ref at the end of the im-
mersion. The polarization curves obtained for the samples are given in 
Fig. 8b. For Mg-based alloys, the cathodic range of the curves represents 
the cathodic hydrogen evolution, and the anodic side of the curves 
represents the dissolution of Mg [97–99]. The shape of the recorded 
polarization curves was similar. However, the curves were recorded over 
various ranges of current density and potential. Noticeably, all the 
curves exhibited a breakdown potential (Eb), which for the head was 
found to be − 1.70 V/Ref. For the screw valley and the tip, the Eb values 
were − 1.65 V/Ref and − 1.71 V/Ref, respectively (Table 1). The corro-
sion potential (Ecorr) and corrosion current density (icorr) were derived 
directly from the polarization curves, and they are listed in Table 1. The 
results show that the highest icorr of 32 μA/cm2 and the most positive 
Ecorr of − 1.82 V/Ref values were characteristic for the head of the screw. 
Also, the passivation region recorded for the screw head sample was the 
narrowest among all analyzed specimens. Such a small difference be-
tween Eb and Ecorr indicates that passivation processes are limited. The 
Ecorr and icorr calculated for the valley and the tip zones were similar 
(Ecorr of − 1.86 V/Ref and Ecorr of-1.85 V/Ref, and icorr of 21 μA/cm2 and 
icorr of 24 μA/cm2, for the valley and the tip, respectively). Generally, the 
highest icorr values were exhibited by materials with the highest CR 
values [21,100,101]. 

However, in the case of Mg-based alloys, corrosion resistivity cannot 

Fig. 3. Degradation parameters for ZX00 screws 
during immersion in α-MEM culture medium 
supplemented with 10% FBS and 1% P/S under 
cell culture conditions: a) CR calculated based on 
mass loss (denoted in blue) and volume loss obtained 
from μCT measurements (denoted in red), b) mean 
degradation depth as a function of the immersion 
time with the linear approximation of the measured 
data, c) pH and d) osmolality measurements during 
28 days of immersion. (a) and (b) (n = 3/time point); 
(c) and (d) (n = 6/time point). Data presented as 
mean ± standard deviation. (The figure should be 
printed in color).   
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be simply described based on the potentiodynamic results because of the 
negative difference effect [102]. To confirm the differences in the 
corrosion behavior of the various zones of the screw, EIS was performed 
(Fig. 8c and d). The obtained data were fitted with the equivalent 
electrical circuit (Fig. 8e). Two capacitive loops and one inductive loop 
in a low frequency can be recognized in the Nyquist plots recorded for all 
areas of the screw. The proposed circuit includes solution resistance (Rs), 
a constant phase element (CPEct), and a resistance (Rct) which are 
associated with the double layer and charge transfer resistance. The 
diffusion of the ions through the porous corrosion layer is described by 
the Rdiff and CPEdiff. The inductance (L) in series with the resistance (RL) 
characterizes the inductive behavior at low frequencies (Table 2) [103, 
104]. 

The data presented in the form of Nyquist plots and Body graphs 
(Fig. 8c and d) show that the order of the corrosion resistance for the 
various zones of the screw is: the valley > the tip > the head. This 
conclusion keeps highly consistent with the results of the potentiody-
namic curves. Generally, the CR inversely scales with the polarization 
resistance (~Rp

− 1). Rp, in turn, correlates with the impedance at zero 
frequency [102]: 

1
Rp

=
1

R1 + R2
+

1
R3

(5) 

Based on the equivalent electronic circuit given in Fig. 2, the total 
calculation of Rp can be estimated by: 

Fig. 4. Surface characterization of the corroded screws under cell culture conditions exposed to α-MEM culture medium supplemented with 10% FBS and 
1% P/S. SEM images of the screw and a representative image of the surface and EDX analysis of the corrosion products performed after each period of immersion: a) 
before immersion, b) after 3-, c) 6-, d) 14-, e) 21-, and f) 28- days of immersion. EDX data presented as mean ± standard deviation (n = 54 EDX point measurements/ 
time point from 3 independent samples/time point). (The figure should be printed in color). 
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1
Rp

=
1

Rct + Rdiff
+

1
RL

(6) 

Therefore, the apparent differences between the corrosion perfor-
mance of various zones of the screw are confirmed by the values of Rp 
(Table 3). The most corrosion-resistant zone is the valley of the screw. 
The screw tip is less corrosion-resistant, and the head of the screw is the 
least resistive. 

3.3. In vivo testing 

The surface morphology of the retrieved ZX00 screws without the 
surrounding bone tissue after 6-, 12-, and 24- weeks of in vivo implan-
tation were characterized by SEM/EDX (Fig. 9). The surface of the screw 
before implantation is uniformly smooth with sharp threads (Fig. 9a). 
After 6 weeks of implantation, the surface morphology of the screw 
became rough. The threads began to lose their sharp contours, and a 
cracked corrosion layer formed on the implant surface (Fig. 9b). With 
increasing implantation time (after 12 weeks), the threads and valleys 
beneath the head (shaft zone) became more corroded than those in the 
tip zone (Fig. 9c). After 24 weeks, the implants maintained their screw 
shape with an uneven, corroded, cracked surface. However, the threads 
were worn away (Fig. 9d). At 24 weeks of implantation, a tight bone- 
implant contact was observed below the head, in the shaft zone. This 
tight contact at this advanced state of bone integration did not allow 
bone tissue removal without damaging the corrosion layer and the screw 
implant. In addition, the cracks visible on the corrosion layer 

presumably resulted from the dehydration of the corrosion products 
during the sample preparation [105–111]. The EDX examination of the 
retrieved screws at the head, the shaft and the valley zones revealed a 
homogeneous distribution of P and Mg, a slightly higher concentration 
of O with the increasing implantation time, and a high Ca concentration 
in the shaft and head zone at 6 and 24 weeks, respectively (Fig. 9e). 
Some bone tissue remained attached to the surface of the implant as 
observed in Fig. S7. The tip zone of the screws was sometimes in contact 
with cortical bone and other times were within the intramedullary 
cavity in different samples at the different time points in the different 
retrieved screws analyzed. As a result, the chemical composition of the 
corrosion products formed in this screw region was performed on 
cross-sections of the bone-implant resin-embedded specimens. 

To further understand the degradation of the ZX00 screws, the 
corrosion layers at the bone-implant interface were analyzed in detail. 
As shown in Fig. 10, the thickness, distribution, and extent of the 
corrosion layers formed on the screws during implantation as well as 
their chemical compositions was implantation-site-dependent. There-
fore, two distinct screw zones were characterized: those in contact with 
cortical bone and those within the intramedullary cavity. In regions 
where the implanted screw was in early direct contact with the cortical 
bone, a non-uniform corrosion layer formed at 6 weeks with a mean 
thickness of 19.8 ± 17.3 μm. A two-fold and three-fold increase in the 
thickness of the corrosion layer formed in the cortical bone compart-
ment were observed after 12- and 24- weeks, respectively (39.8 ± 27.4 
μm after 12- weeks, and 61.9 ± 34 μm after 24 weeks of implant 
placement) (Fig. 10a, c). The formation of thick corrosion layers in the 

Fig. 5. Cross-sectional characterization of the corrosion layers after in vitro degradation. Representative SEM images of the corrosion layers (CL) and cor-
responding EDX mapping, and line scans following the direction marked by the red arrows (from the outer layer (A) to the inner layer (B) of the corrosion products 
formed on the ZX00 screw: a) after 3-, b) 6-, c) 14-, d) 21-, and e) 28- days of immersion. Data presented as mean ± standard error of the mean (SEM) (n = 7–9-line 
scans/time point from 3 independent samples). f) Changes in the corrosion layer thickness as a function of time. Data presented as mean ± standard deviation (n =
150–300 measurements/time point from 3 independent samples); *p < 0.05 versus day 3 and 28. The Kruskal-Wallis test was used for comparison between time 
points. (The figure should be printed in color). 
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intramedullary cavity was observed at all-time points, with a mean 
ranging from 51.9 to 65.3 μm (Fig. 10b and c). However, the larger 
standard deviation shown in Fig. 10c was a result of the irregular 
thicknesses of the corrosion layer observed in the intramedullary cavity 
from sample to sample, with zones reaching thicknesses up to ~174 μm. 
Interestingly, after 6 weeks of implantation, the corrosion products in 
the intramedullary cavity were not in contact with bone, whereas bone 
contact was found in a few zones at 12 weeks and in the close vicinity of 
the corrosion products within the intramedullary cavity after 24 weeks 
(Fig. 10b). Similar to what was observed in the cortical bone, the 
corrosion layer that formed in the head zone increased in thickness from 
18.2 μm after 6 weeks to 63.2 μm after 24 weeks (Fig. S8a). Corrosion 
layers with non-uniform thickness were also observed in the tip zone 
because this region of the screw was sometimes in contact with cortical 
bone and sometimes within the intramedullary cavity (Fig. S8b). 

Fig. 10 also summarizes the results of the elemental mapping and 
line scan investigations as well as BIC data obtained by BSE images of the 
dissected diaphysis of the sheep tibia cross sections. At all implantation 
times, the corrosion products were composed of O, Mg, P, Ca, and traces 
of Zn. The detected amount of Zn was negligible for all samples. 
Therefore, the corresponding mapping is not depicted. Ca and P 
elemental maps reveal the deposition of Ca and P in the newly formed 
bone in the peri-implant region. The line scans performed from the outer 
part of the corrosion layer to the residual implant revealed composi-
tional changes within the degradation layers. After 6 weeks of implan-
tation, O and Mg were homogeneously distributed within the corrosion 
layers while higher concentrations of Ca and P were detected in the 

outer part of the corrosion layers in the intramedullary cavity. After 12 
and 24 weeks, Mg, O, P, and Ca were steadily distributed within the 
corrosion layer, with slightly higher Ca and P content detected at the 
outer part of the corrosion products in the head zone after 24 weeks 
(Fig. S8a). Interestingly, after 6 and 12 weeks of implantation, only trace 
amounts of Ca, P, and Zn were observed in the thin degradation layer 
formed in the areas in contact with the cortical bone (Line scans in 
Fig. 10a). O and Mg were present at higher concentrations, indicating 
that Mg hydroxide Mg(OH)2 was the main corrosion product formed in 
this bone compartment. Similarly, lower amounts of Ca and P were 
uniformly distributed in the corrosion layer formed in the intra-
medullary cavity after 24 weeks (Fig. 10b). In addition, EDX point an-
alyses were conducted in randomly selected cortical bone zones adjacent 
to the corrosion layer at each time point. O concentration was high at all 
implantation times, P and Ca content were steadily distributed, and 
traces of Mg were found at all time points. The Ca/P ratios of bone in the 
vicinity of the corrosion layer were 1.63 ± 0.02, 1.63 ± 0.13, and 1.50 
± 0.04, after 6, 12, and 24 weeks after implant placement, respectively, 
with no statistically significant differences between time points 
(Fig. 10d). With the extension of implantation time, an increase in BIC 
%, in the cortical bone and the intramedullary cavity was observed 
without significant differences between all three different implantation 
periods (Fig. 10e). The BIC for the cortical bone zone were measured at 
the shaft and the first thread below the head while the BIC measure-
ments for the intramedullary cavity were performed at the middle sec-
tion of the screw since this section was always located within the 
intramedullary cavity in all explants. (As illustrated in Fig. 12(a–c), 

Fig. 6. High-resolution XPS spectra on various regions of a ZX00 screw performed after 3 days of in vitro immersion in α-MEM solution supplemented with 
10% FBS and 1% P/S. a) and b) O 1s and Mg 1s spectra for the head, respectively. c) and d) O 1s and Mg 1s spectra for the valley. (The figure should be printed 
in color). 
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yellow and green dotted rectangles for cortical and intramedullary 
cavity regions, respectively). 

Fig. 11 depicts μCT reconstructions (2D and 3D) of the degradation 
performance for the implanted ZX00 screws, in which continuous and 
uniform degradation of the ZX00 is observed. After 24 weeks, the 
implanted screws were well preserved. Different regions of the implant 
were exposed to distinct bone compartments. Some screw threads below 
the head and some tip regions of the inserted screws were embedded in 
the cortical bone, while the middle section was exposed to the bone 
marrow cavity. After 6 weeks, the μCT scan images showed that sig-
nificant gas was released around the implant and gas voids were pri-
marily identified within the medullary cavity (Fig. 11, red asterisks). 
After 12 weeks, the gas voids were still detectable, while at 24 weeks, 
they were barely apparent on μCT. In addition, the threads maintained 
their sharp shape until 12 weeks post-surgery. After 24 weeks of im-
plantation, reduced and smoothed thread crests were observed, consis-
tent with our in vitro findings. 

Histological analysis was performed on selected zones in the cortical 
bone and the intramedullary cavity compartments to obtain information 
about the bone tissue response. At all-time points, cortico-periosteal 
reactions, appositional growth, and new bone formation in the endos-
teum zone were observed (Fig. 12 a–c, red arrows). In regions where the 
implanted screw made early contact with the cortical bone, a thin layer 
of corrosion products was observed (Fig. 12d, black arrows) while in the 
medullary cavity, thicker corrosion products were seen (Fig. 12e, black 
arrows). In some cases, osteoblasts (Ob) were connected to the newly 
formed bone (Fig. 12d, small inset square). Gas voids (gb) were sur-
rounded by thin fibrous tissue in the cortical and intramedullary cavity 
compartments (Fig. 12d and e). New bone (nb) formation was observed 
in the cortical bone adjacent to the medullary cavity and around the gas 

voids. A cement line (Cm Ln) can be seen between new and pre-existing 
bone (Fig. 12e). In the cortical bone, after 12 weeks of implantation, 
along with the degradation, new woven bone formed in direct contact 
with the corrosion layer (Fig. 12f, yellow arrows). The irregular Ha-
versian tissue and additional Cm Lns were also observed. Moreover, 
some newly formed osteoid tissue was observed in the cortical bone that 
surrounded the medullary cavity. (Fig. 12g, orange arrows). After 24 
weeks, small gas voids remained surrounded by thin fibrous tissue in the 
cortical bone and medullary cavity compartments (Fig. 12h and i). Tight 
direct bone contact with the degradation products and the formation of 
new bone next to the ZX00 screws was observed (Fig. 12h and i, yellow 
arrows) which connected with the old, mature bone tissue. In the 
medullary cavity, new mineralized tissue in the form of parallel-fibered 
bone bridging the medullary cavity with thicker bone bridges formed on 
the corrosion products. Interestingly, the corrosion products formed on 
the 24 weeks inserted implants-stained pink, similar to the dark pink 
color of the newly formed mineralized tissue (Fig. 12h and i). 

4. Discussion 

The purpose of the present study was to evaluate the corrosion 
performance of ZX00 screws under in vitro and in vivo physiological 
conditions. As the interaction between the implant surface and the 
surrounding tissues is crucial to the success of a medical implant, 
influencing its corrosion behavior [112] and the biological response 
[113], the surface of the ZX00 screw was characterized in terms of 
surface roughness and its chemical composition before implantation. 
Our results revealed that the initial surface of the ZX00 screws was 
smooth, anisotropic and free of contaminants, with a thin oxide layer 
resulting from contact with air and moisture during the manufacturing 

Fig. 7. Characterization of the corroded ZX00 screws reconstructed based on the μCT data μCT reconstructed images are displayed after immersion in α-MEM 
culture medium supplemented with 10% FBS and 1% P/S under cell culture conditions and with subtracted corrosion layers: a) as received screw and after 3 days of 
immersion, b) after 6-, c) 14-, d) 21-, and e) 28 -days of immersion with the corresponding surface area after immersion (Ai) and after corrosion layer removal (Ad). 
Data presented as mean ± standard deviation (n = 3/time point). 
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and cleaning process. In addition, no surface degradation was observed 
concerning packing and storage, as evidenced by the absence of 
O-enriched regions and adequate in vivo biocompatibility and degrada-
tion behavior. From the medical point of view, implants must withstand 
the standards of the cleaning and sterilization procedures without 
impairment of implant quality and safety. Specifically, the implants 

must be free of impurities that could embed into the surface of the 
screws during the different manufacturing stages, handling or packaging 
procedures prior to the surgical implantation [114–116]. It is essential 
to ensure that the surface properties of the implant remain unchanged 
during the storage [117] for the therapeutic use of Mg as biodegradable 
implants. 

As proved based on EBSD data, the average grain size (davg) in the 
various regions of the screw changes: davg for the head was found to be 
the highest, while for the valley and the tip, it was lower and comparable 
to each other. Those results clearly confirm that the recrystallization and 
recovery processes in the case of the head, the tip and the valley, are 
various due to a long time of being in contact with the diamond tool 
during CNC processing. It is worth underlining that screws were man-
ufactured using polycrystalline diamond tools without lubrication to 
avoid potential contamination and corrosive attack [39]. During 

Fig. 8. Electrochemical corrosion data obtained for the various zones of the ZX00 screw after 1 h of immersion in PBS solution: a) Ecorr evaluation, b) 
potentiodynamic curves, c) EIS Nyquist plots, d) EIS Body plots. (The figure should be printed in color). 

Table 1 
The electrochemical parameters of various zones of the ZX00 screw were 
extrapolated using the Tafel method.  

Zone of the screw Ecorr (V/Ref) icorr (μA/cm2) Eb (V/Ref) 

head − 1.82 32 − 1.70 
valley − 1.86 21 − 1.65 
tip − 1.85 24 − 1.71  

Table 2 
Characteristic values were deduced from the measured impedance spectra by means of fitting the equivalent electrical circuit (EEC) shown in Fig. 3.  

Zone Rs (Ω cm2) Rdiff (Ω cm2) CPEdiff (S⋅sacm− 2) a1 Rct (Ω cm2) CPEdl (μS⋅sacm− 2) n2 L (kH•cm2) RL (Ω cm2) 

head 12 501 1.6⋅10− 3 0.82 2196 26 0.84 67 19,000 
valley 10 1154 0.8⋅10− 6 0.99 3189 30 0.83 63 18,000 
Tip 10 1040 1.3⋅10− 3 0.81 2928 25 0.85 81 12,000  
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turning, uncontrolled heat is generated as a result of friction. For Mg 
alloys even such a slight local increase in temperature may cause 
microstructure reformation. 

As per the results of this work, the in vitro corrosion rates of the ZX00 
screw were lower than those calculated by Cihova et al. [40] for the 
implants made from ZX10 and ZX20, by Hofstetter et al. [24] for the 
implants made from ZX50 and Ibrahim et al. [118] who immersed 
Mg-1.2Zn-0.5Ca alloy in simulated body fluids (SBF). This is due to the 
different experimental parameters and immersion solutions employed, 
as well as related to the alloying elements in the matrix of the material, 
where the Zn concentration is lower in ZX00 than the previously 
mentioned alloys. This is mostly related to alloying elements in the 
matrix of the material, where the Zn concentration is lower in ZX00 than 
in ZX10 or ZX20. As the number of intermetallic phases containing Zn 
increases along with its concentration, a greater number of micro 
galvanic cells are formed. Our results also showed that there was a linear 
dependence on the corrosion rate even after 24 days of immersion. 
Similar results were shown by Zeller-Plumhoff et al. [119] where a 
computational model for pure Mg was utilized. However, our in vitro 

results revealed a higher corrosion rate than reported by Okutan et al. 
[44], who found a degradation rate of 0.29 ± 0.03 mm × year− 1 of ZX00 
pins after three weeks of immersion in simulated body fluids (SBF). As 
stated by Gonzalez et al. [89], the differences may be due to the use of 
different immersion solutions, which results in the formation of different 
degradation products. Furthermore, when implanted into the distal 
metaphysis and epiphysis of three-month-old lambs, ZX00 alloy 
corroded at a rate between 0.2 and 0.75 mm × year− 1 [45], which is 
lower than our in vitro results where ZX00 screw corroded at a rate of 
1.04 mm × year− 1. Consequently, identifying local in vivo environment 
parameters is essential for optimizing in vitro setups, leading to more 
accurate correlations between in vitro and in vivo data. 

It is widely described in several publications that the kinetics of the 
corrosion process of Mg-based alloys in an aqueous environment is 
determined by the anodic and the cathodic reactions, resulting in a 
magnesium hydroxide Mg(OH)2 formation, hydrogen gas release and 
local pH changes [89]. In a complex environment such as the human 
body, Cl− ions make the protective layer soluble, and the presence of 
organic molecules can also influence the corrosion behavior [120] and 
the composition of corrosion products of the Mg-based devices. From 
our in vitro results, the ZX00 screw corroded nonuniformly with a 
corrosion layer forming on the surface of the screws composed of O, Mg, 
P, and Ca. As evidenced by the fluctuating in vitro osmolality, this 
corrosion layer did not cover the entire surface of the screws and did not 
compensate for the dissolution reactions. When released into the solu-
tion, soluble degradation products such as Mg2+, Zn2+, Ca2+, and OH−

ions alter the pH and composition of the solution [121]. At the beginning 
of our immersion test (up to the 3rd day), a significant increase in pH of 

Fig. 9. Surface characterization of retrieved ZX00 implants after 6-, 12-, and 24- weeks of in vivo implantation. a) before implantation, b) after 6-, c) 12- 
weeks, and d) 24- weeks of implantation, e) corresponding EDX analyses of the corrosion products formed on the different screw zones: head – red dotted line, shaft 
–green dotted line, valley – blue dotted line. Data presented as mean ± standard deviation (n = 47–50 EDX point measurements/time point from 3 independent 
samples). (The figure should be printed in color). 

Table 3 
Polarization resistance is calculated according to equation (6) from the values 
given in Table 2.  

Zone of the screw Rp (Ω cm2) 

head 2361 
valley 3498 
tip 2981  
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the corrosion medium and high corrosion rate indicated that intense 
corrosion occurred. However, after 3 days, our in vitro data indicated 
that the pH remained stable to reach 7.9 ± 0.03 at 28 days with the 
formation of Ca/Mg (CO3)2 as determined by XPS and the predicted 
fraction diagrams calculated by Hydra Medusa software. This is 
consistent with the findings of Lamaka et al. [122] who found a 
calcium-phosphate/carbonate corrosion layer stable at a pH lower of 
8.5. They also highlighted different corrosion rates in immersion solu-
tions containing Ca2+ compared to electrolytes solutions without Ca2+, 
which could be the cause of discrepancies in corrosion rate between our 
results and previously described results from the ZX00 alloy [44,45]. 

Comparable to what was observed in vitro, the corrosion layers that 
formed on the ZX00 screws in our in vivo studies exhibited a similar 
composition. The corrosion products were composed of a Mg/O ratio of 
~0.5, suggesting the presence of Mg(OH)2, along with the presence of 
Ca and P indicating the formation of various Ca- and P-containing layers. 
This is consistent with in vitro results previously published investigating 
Mg–Ca–Zn and low-alloyed Mg–Ca–Zn alloys immersed in the artificial 
saliva [123], Kokubo’s solution [124,125], Hank’s solution [126], EBSS, 
MEM, and MEM supplemented with bovine serum albumin [127]. 
Similarly, Zhang et al. [121], who implanted Mg-2wt.%Zn-0.5 wt%Ca 
pins in a rat femoral defect model for 12 weeks, described corrosion 

products with a chemical composition comparable to our in vivo find-
ings. Witte et al. [18] found corrosion layers containing calcium phos-
phates on 4 different magnesium alloys implanted within the medullary 
cavity of guinea pig femora. Lee et al. [48] observed changes in 
elemental composition and crystallinity within the degradation inter-
face when implanted Mg–5Ca–1Zn rods in the femoral condyle of rab-
bits. According to their findings, a biomimicking calcification matrix 
was formed at the degrading interface which initiate the bone formation. 
Additionally, our histology revealed the staining of the corrosion 
products that resembled bone (dark pink) after 24 weeks of in vivo im-
plantation. As previously reported, this pattern is consistent with the Ca- 
and P-rich degradation layers [18,39,43]. However, although the 
corrosion layers of ZX00 screws formed during our in vitro and in vivo 
tests were composed of the same elements, the corrosion layer thickness 
and the elemental distribution were different in vivo, consistent with 
some previous studies [40,65,128]. This might be because various screw 
zones in our in vivo study were surrounded by different local environ-
ments. The screw’s head was often enclosed by the soft tissues (over-
lying muscle/connective tissue), the shaft was in contact with the 
cortical bone, and the implant’s middle region was exposed to the bone 
marrow. These distinct tissue compartments (soft tissues, periosteal 
layer, cortical bone, and medullar cavity) play a role not only in bone 

Fig. 10. Characterization of the bone-implant interface. SEM images of the ZX00-implant interface with its corresponding elemental distribution maps and line 
scans of the corrosion layers after 6-, 12-, and 24- weeks of in vivo implantation performed at a) cortical bone (CB), and b) intramedullary cavity (IMC). Lines scans 
were performed from the outer part (A) to the inner part (B) of the corrosion layer, as depicted by red arrows. (n = 5 line scans/bone compartment/timepoint from 3 
independent samples). c) corrosion layer thickness measurements from selected CB and IMC zones. d) semi-quantitative analyses of the changes of the Ca/P ratio, O, 
Mg, P, and Ca concentrations (at.%) at bone regions in immediate contact with the corrosion layer at different time points. e) The bone-implant contact (BIC) was 
determined at the cortical bone and intramedullary cavity compartments. Data presented as mean ± standard deviation. (c) n = 110–230 measurements/time point 
on three independent samples, d) n = 62–85 measurements/time point on three independent samples. (n = 6 regions/time points from 3 independent samples). The 
Orange dotted line in image a) at 24 weeks denoted the corrosion layer-bone interface. (The figure should be printed in color). 

Fig. 11. μCT reconstructions of ZX00 screws after 6-, 12-, and 24- weeks of in vivo implantation. a) μCT reconstructions (2D slices) in the X–Y plane (first row) 
and the X-Z plane (second row). The radiolucent zones adjacent to the implant screw were gas voids (red asterisks). b) 3D model reconstructions of the ZX00 screw 
(blue color) after 6, 12, and 24 weeks of implantation with surrounding gas cavities (purple color). Scale bar in panel a) is 2 mm. (The figure should be printed 
in color). 
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fracture repair but also causes different degradation at various screw’s 
regions strongly influenced by the environment in which the implant 
was placed [47,71]. The amplified early inflammatory response in soft 
tissues [129] combined with hematoma formation and a local decrease 
in pH [18,130–132] results in a hypoxic and acidic environment when 
implanting an Mg orthopedic device with a faster degradation of the Mg 
implant region in contact with soft tissues [17,71,132,133]. However, 
the accelerated degradation of screw implant’s heads observed in soft 
tissues could be an advantage as faster degradation could avoid 
soft-tissue irritation. Herber et al. [52] demonstrated that the ZX00 
screw’s head located in the soft tissue area was predominantly resorbed 
avoiding shoe conflict for the patients. Moreover, it has been described 
faster corrosion of Mg-based devices at the medullary cavity, assuming 
that the accelerated implant degradation is caused by the high blood 
vessel content and rich supply of body fluids promoting ion exchange 
between the surrounding tissue and the Mg implant surface [45,61, 
134–137]. In contrast, the dense mineralized structure of the cortical 
bone slows down the degradation of Mg implant regions placed in this 

compartment [17,71]. All factors influencing degradation, including 
implant location, must be considered when analyzing the degradation 
layer composition and degradation rate of implants, which makes it 
difficult to precisely estimate the corrosion rate of Mg implants. 
Furthermore, the relatively high standard deviation of the plotted 
corrosion layer thicknesses in our study, which ranged from ~20 μm to 
62 μm in the cortical bone and from ~52 to 60 μm in the medullary 
cavity with regions reaching up to ~174 μm, could be attributed to 
several factors, including the nature of each sheep (weight, growth, 
variation in feeding patterns and movement activity) [24,138], which 
may have influenced differences in their bone healing process, meta-
bolism, and implant degradation. 

Previous animal experiments that provide quantitative data revealed 
that the corrosion layer thicknesses range from 10 to 250 μm [32,39,48, 
128,134,139–144]. This broad range is a result of the various Mg-based 
biomaterials implanted, the different animal models and implantation 
sites, and the various experimental points for observations. In large 
animal models, Imwinkelried et al. [139] observed a ~30 μm corrosion 

Fig. 12. Representative images of McNeal-stained bone sections after 6- (a, d, e), 12- (b, f, g) and 24- (c, h, i) weeks of in vivo implantation. The first column 
provides an overview of the ZX00 screws after (a) 6-, (b) 12-, and (c) 24- weeks of implantation. CB and IMC compartments are magnified and denoted by yellow and 
green rectangles, respectively in (d, e, f, g, h, i). The red arrows in (a, b, c) point to the appositional growth in the periosteum and new bone formation in the 
endosteum zones. Corrosion products are indicated by black arrows. Tight direct bone contact with the degradation products and new bone formation next to the 
ZX00 screws is identified by yellow (f, h, i) and orange (g) arrows. (I) Site of implant and the following abbreviations used to describe various features: gb (gas 
bubbles), Ob (osteoblasts), nb (new bone), Fb T (fibrous tissue), Cm Ln (cement line), B Ma (bone marrow), cl (corrosion layer), and (*) sample preparation artifact. 
(The figure should be printed in color). 
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products/layer on uncoated WE43 plates implanted subcutaneously on 
the nasal bones of minipigs for 24 weeks. Grün et al. [32] and Holweg 
et al. [39] investigated the corrosion behavior of ZX00 screws implanted 
in lamb tibia bones. After 12 weeks of implantation, histological analysis 
revealed similar thicknesses (~50 μm and ~43 μm, respectively) of 
corrosion layers formed on the screw surfaces. This broad range of 
corrosion layer thickness demonstrated the dependence of Mg corrosion 
on implant location, making it difficult to precisely estimate the corro-
sion rate of Mg implant materials. However, our in vivo results are of 
great clinical significance because they resemble real clinical scenarios 
in which implanted Mg devices are in contact with different tissue 
compartments that influence each other during Mg-implant degrada-
tion. In addition, it is important to consider that although the mecha-
nisms of bone healing with implants are similar to those of bone healing 
without implants [1], in the in vivo environment, the corrosion of 
Mg-based implants is influenced by a continuous and time-dependent 
body-response phenomenon involving protein absorption, coagulation 
and inflammation [11]. This body response varies in each tissue in 
normal fracture healing where different cellular response evolves. It has 
been described as a lymphocyte- and granulocyte-rich inflammation in 
cortical and cancellous bone healing, respectively [145]. Also, Liu et al. 
[66] found a different modulation of inflammation signaling pathways 
when pure Mg and AZ31 implants with varied manufacturing processes 
were implanted for 9 days in the femur of male rats. Hence, further 
investigations in subsequent in vivo studies are required to elucidate the 
corrosion environment at the cortico-cancellous bone transitional zone 
and ascertain the influence of Mg-implant degradation in the cellular 
response of both bone compartments. 

As mentioned, our findings show that the screw does not corrode 
uniformly. The results from the electrochemical measurements proved 
that the least corrosion-resistant zone of the screw is the head. In this 
region, the grain size and the distribution of the dislocations were 
different from those observed in the valley and tip zones. As shown in 
our previous works [87,97], the Mg’s dissolution rate strongly depends 
on the spatial distribution of the potential on the surface of materials. 
Mg’s dissolution rate is related to the anodic/cathodic sites of corrosion 
where cathodic reactions must be compensated by anodic reactions. In 
the case of the screw head, the large primary grains are the cathodic 
areas surrounded by the small anodic grains. The large cathodic areas 
drive small grains to dissolve quickly. Considering the screw valley and 
the tip, the spatial distribution of the half-reactions was more uniform 
due to more uniform grain size distribution in these screw regions. Also, 
the higher accumulation of the dislocation density in the head of the 
screw will promote corrosion reactions. We presumed that the micro-
structural differences in the screw head compared to the screw valley 
and tip regions resulted from the manufacturing process. Controlling the 
microstructure is a key component for modification of the dissolution of 
Mg screws for potential clinical use. Therefore, the manufacturing pro-
cess must be carried out with the utmost accuracy. However, it is 
important to consider also that variations in implantation in our in vivo 
model make it difficult to compare the degradation performance of the 
screw head and tip. The anatomical variability [146,147] may also 
contribute to surgical inaccuracies in real-world clinical scenarios. 
Similar challenges in identifying a representative area for the entire 
degradation of Mg-based implants in vivo have been highlighted previ-
ously [65]. Therefore, future in vivo animal studies should undertake 
medical image-based analysis before implantation with the additional 
support of implant surgical guides, in order to precisely implant a ZX00 
screw in the same position, thereby enabling a corrosion performance 
comparison of the head and tip region of the screw at different time 
points to determine whether the difference in corrosion observed in vitro 
occurs in vivo in these screw zones. 

Previous in vivo studies have revealed that hydrogen gas evolution is 
primarily found adjacent to Mg–Zn–Ca implants investigated [17,32,39, 
43,44,148,149]. Although the composition and volume of the released 
gas during ZX00 alloy degradation were not investigated in this study, 

our μCT and histology findings after 6 weeks of implantation revealed 
numerous gas voids mainly in the intramedullary cavity. These gas 
cavities were visible up to 12 weeks post-implantation, supporting 
previous findings [32,45]. After 24 weeks of implantation, corrosion 
reactions were not as intense. At this time point, the gas cavities in the 
cortical bone compartment were considerably smaller, suggesting that 
ZX00 alloy corrosion slowed over this period. Depending on the local gas 
saturation, this gas may cause irritation, cell and tissue displacement 
[137], accumulation in tissue cavities [135,150], mechanical distur-
bance that may disrupt the initial cortical bone healing process, result-
ing in callus formation [17], or altering the trabecular bone structure 
[46]. In the case of H2 released in soft tissues, large gas voids can be 
formed, and the H2 concentration can be permeated through the skin 
[151], eliminated by the local blood flow [137] or removed by puncture 
with a syringe as reported in small [18] and large animal studies [152]. 
When pure Mg was subcutaneously implanted in Sprague-Dawley® (SD) 
rats, Ben Amara et al. [129] observed that the H2 accumulation 
accompanied the amplified early inflammatory response. In contrast, 
Zhang et al. [134], who implanted Mg–Zn–Mn pins did not observe gas 
voids in soft tissues 5 weeks after implantation owing to the alloy’s 
gradual degradation. However, gas voids probably dissipated through 
absorption in the surrounding tissue [132] and were not visible at the 
time point of experimental observation. 

Similarly, gas cavities have been observed in Mg implants exposed to 
the intramedullary cavity in small and large animal models. Trans-
cortical implantation of XHP-Mg pins versus ZX00 pins in the diaphysis 
of SD rats resulted in moderate gas evolution that was more pronounced 
for XHP Mg pins already at 2 weeks [44], whereas increased gas for-
mation and enhanced implant volume loss due to faster degradation was 
observed around ZX00 pins also transcortical implanted in the tibia of 
ovariectomy-induced osteoporotic rats. Osteoporotic bone has 
decreased mineralization [43] and deteriorated bone microarchitecture 
[153,154]. Marek et al. [46] observed gas surrounding ZX00 intra-
medullary nails at the proximal epiphysis with an increased gas volume 
at 2 weeks which decreased up to 76 weeks causing bone-structure al-
terations in the initial phase of ZX00 degradation. As the bone marrow 
cavity is highly perfused by blood vessels, the water content and local 
blood flow around the implants influenced not only the accelerated 
corrosion of Mg implants at this bone compartment but also the local 
diffusion and solubility of H2, which contributed to the gas transport and 
absorption by the vascular system, reducing the size of the gas pockets 
[17,45,155,156]. 

In contrast to what has been reported regarding the gradual disap-
pearance of gas bubbles as the implantation time increases as observed 
in our study, Wang et al. [157] observed an increased density of the gas 
bubbles after 24 weeks around the Mg–Zn–Zr pins implanted into the 
femoral condyles of Japanese white rabbits. The femoral condyle is 
composed of bone marrow, spongy bone, compact bone and cartilage 
[71], and is a region of high blood flow that could contribute to rapid 
corrosion of the alloy, which would explain the number of gas cavities 
the authors observed at the experimental time point. According to their 
findings, the degradation of Mg–Zn–Zr alloy caused gas cavitation 
within the cancellous bone, which was progressively filled with newly 
regenerated bone, cartilage, and fibrous connective tissues. Han et al. 
[47] , who implanted Mg5Ca pins in the femoral condyle of SD rats, 
observed insufficient bone healing and low-density tissue adjacent to the 
implants, indicating the possible fibrotic tissue formation due to the 
alloy’s rapid degradation accompanied by metallic ions and hydrogen 
gas release. With W4 interferences screws implanted in the femoral 
condyle of sheep, Thormann et al. [158] also observed implant loos-
ening, delayed osseointegration, and a significant amount of gas evo-
lution. After 6 weeks, gas voids were observed surrounding the entire 
implant and spreading in the trabecular bone; after 12 weeks, the voids 
were surrounded by soft tissue. In addition, they observed a large 
number of multinuclear cells and blood vessels in close proximity to the 
gas cavities, indicating an endeavor by the tissue to control the gas 
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evolution. However, after 12 weeks the number of vessels decreased, 
indicating a reduced effort by tissue to regulate the gas released. Thus, 
this gas formation ascribed to the hydrogen evolution during Mg 
corrosion [159] is proportional to the Mg alloy’s rate of degradation, the 
implant location, and the selected animal model [155,160]. Neverthe-
less, H2 may not be the sole gas present in the gas cavities. Before im-
plantation, the body fluid contains dissolved nitrogen (N2), oxygen (O2) 
and carbon dioxide (CO2) in proportion to their partial pressure. When 
an Mg device is implanted, corrosion reactions generate H2 with a 
proportionate increase in H2 pressure. As previously demonstrated 
[156], this H2 is dissolved and/or diffused through the vascular system 
while being exchanged with the undissolved N2, O2 and CO2 gases 
present in the voids [159]. Hence, the chemical composition of the 
Mg-based alloy, the implant location in the body, and the time points 
selected for observations may account for differences in the generation 
and dissolution of the gas voids. However, in our study, despite the 
degradation reactions and gas formation, new bone in direct contact 
with corrosion products was formed demonstrating that the ZX00 alloy 
did not cause adverse effects in the surrounding tissues, promoting 
osteogenesis and bone healing consistent with previously reported 
studies [17,32,39,40,45,157]. Nevertheless, the specific composition 
and effects of the gas produced by the degradation of the ZX00 alloy are 
still not fully understood and need to be clarified in future studies. 

Additionally, implant integrity is crucial during the initial fracture- 
healing stage to provide sufficient stability for the reduction and fixa-
tion of bone fracture fragments [1,40]. To provide sufficient primary 
fracture stabilization, the corrosion behavior of Mg-based implants 
should match the healing time of a bone fracture. This mechanical 
integrity must be maintained for 4–6 weeks in children and 12–18 weeks 
in adults [44,137]. The majority of fractures involving the clavicle, 
hand, wrist and distal radius fractures require 4–8 weeks of mechanical 
support, whereas femur fractures and femoral neck fractures required 
8–14 and 12–24 weeks of healing time, respectively [41]. Our results 
found that the main body of the ZX00 screw slowly degraded and still 
was present after 24 weeks of implantation. Lee et al. [48] demonstrated 
that 4–6 weeks of mechanical support for bone-healing was required 
when Mg-5wt.% Ca-1wt.% Zn was implanted to treat wrist and hand 
fractures. Castellani et al. [30] observed a similar outcome after 
implanting Mg-RE alloy rods in the femoral bone of Sprague-Dawley rats 
for up to 24 weeks. Holweg et al. [39] also found fracture consolidation 
without impairment in a juvenile sheep model using ZX00 osteosyn-
thesis screws which still were discernible after 12 weeks. In contrast, 
Bian et al. [161] observed that Mg-1.8Zn-0.2Gd pins implanted in the 
tibia of rats, the pins maintained their shape for the first 2 months before 
degrading nearly completely after 6 months of implantation. In the 
cortical zone, the implant was directly integrated with the bone, 
whereas in the medullary cavity, some trabecular bones were in contact 
with the implant and some trabecular bones were found at a certain 
distance to the implant. They attributed the accelerated degradation to 
the mildly localized corrosion observed in vivo, which was ascribed to 
the alloy’s inhomogeneous composition and impurities introduced 
during the production processes. This demonstrates how crucial is to 
have consistent manufacturing methods to prevent the introduction of 
impurities and the continuous monitoring of the microstructure of Mg 
implants to ensure homogeneous composition throughout the entire Mg 
implant geometry for those intended for biomedical applications. Based 
on our SEM, histology and BIC findings, ZX00 screws provide sufficient 
long-term fixation for adequate bone healing and mechanical strength. 

5. Conclusion 

Based on the results presented in this study the following conclusions 
can be drawn.  

• The corrosion performance of the screws produced from ZX00 alloys 
was investigated under in vitro and in vivo conditions, and the results 

from both methods were complementary. Although the corrosion 
layers formed under in vitro and in vivo conditions had the same 
elemental composition, the elemental distribution and thickness of 
the corrosion layers varied. This indicated that the degradation 
mechanisms occurring under physiological conditions are highly 
dependent on the surrounding environment to which the implants 
are exposed. Consequently, in vitro tests must be further improved. 
This confirms that replicating the exact conditions of in vivo testing is 
difficult to achieve through in vitro testing. Therefore, improving in 
vitro experimental design is of critical importance to reduce in vivo 
trials.  

• Until 28 days of immersion under physiological conditions, the 
corrosion rate calculated based on in vitro methods increased 
continuously.  

• The corrosion rate of ZX00 after in vitro testing was slower (1.04 mm 
× year− 1) when compared to the alloys with higher Zn concentration 
(ZX10, ZX20, and ZX50).  

• The technological aspect of screw manufacturing is important from a 
materials design point of view. Our results clearly indicate that the 
ZX00 screw corroded nonuniformly, and the zones of the screw with 
the uniform grain size distribution had the lowest degradation rate. 
Therefore, controlling microstructure is a key parameter that can be 
used to tune the dissolution of Mg screws under physiological 
conditions.  

• The vast number of voids observed in vivo 6 weeks after implantation 
was indicative of gas produced by the degradation of the ZX00 screw, 
predominantly within the intramedullary cavity. As the implantation 
time increased, the observed voids were smaller in size. This size 
reduction over time may be due to the exchange mechanism of water 
content and blood flow in the surrounding tissues and does not 
necessarily indicate the deceleration of the corrosion mechanisms.  

• Despite the corrosion reactions and gas release during the ZX00 
screw degradation, new bone formed in direct contact with corrosion 
products without any adverse effects in the surrounding tissues. 
Therefore, ZX00 alloy is a potential Mg-based alloy to consider for 
temporary bone implants. 
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– review & editing. Črtomir Donik: Investigation. Heike Helmholz: 
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