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A B S T R A C T   

Zinc is generally considered to be one of the most promising materials to be used in biodegradable implants, and 
many zinc alloys have been optimized to improve implant biocompatibility, degradation, and mechanical 
properties. However, long-term degradation leads to the prolonged presence of degradation products, which risks 
foreign body reactions. Herein, we investigated the in vivo biocompatibility and degradation of a biodegradable 
Zn–Mg–Fe alloy osteosynthesis system in the frontal bone, mandible, and femur in beagles for 1 year. Results of 
the routine blood, biochemical, trace element, and histological analyses of multiple organs, peripheral blood 
CD4/CD8a levels, and serum interleukin 2 and 4 levels showed good biocompatibility of the Zn–Mg–Fe alloy. 
Zinc content analysis revealed zinc accumulation in adjacent bone tissue, but not in the liver, kidney, and spleen, 
which was related to the degradation of the Zn–Mg–Fe alloy. The alloy demonstrated a uniform slowing 
degradation rate in vivo. No degradation differences in the frontal bone, mandible, and femur were observed. The 
degradation products included zinc oxide [ZnO], zinc hydroxide [Zn(OH)2], hydrozincite [Zn5(OH)6(CO3)2], and 
hopeite [Zn3(PO4)2⋅4H2O]. The good biocompatibility and degradation properties of the Zn–Mg–Fe alloy render 
it a very attractive osteosynthesis system for clinical applications.   

1. Introduction 

Zinc alloy is a new type of biodegradable material showing good 
biocompatibility, degradation properties, and mechanical strength 
[1–4]. Zinc is an essential trace element, required for the maintenance of 
physiological functions of the human body, and has osteogenic and 
antibacterial properties [5–7]. The corrosion potential of zinc is − 0.76 
V, which is between that of iron (− 0.44 V) and magnesium (− 2.37 V), 
and indicates a moderate degradation rate [8]. Pure zinc has poor me-
chanical properties; however, its ductility, strength, and degradation 

properties can be improved by alloying. Zinc alloys possess improved 
mechanical strength (up to 200 Mpa), which is sufficient for bone im-
plants [9]. The above traits of zinc alloy make it a promising candidate 
for medical biodegradable material. 

Previously, we studied a Zn–Mg–Fe alloy used as an osteosynthesis 
system in a canine mandibular fracture model [10]. Our preliminary 
findings indicated that the Zn–Mg–Fe alloy provides good mechanical 
strength to support bilateral mandible fracture healing during a 24-week 
observation period. The main purpose of the previous study was to 
explore the efficacy of Zn–Mg–Fe alloy osteosynthesis system in 
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mandibular fracture, and the biocompatibility and degradation of zinc 
alloy in vivo was only preliminarily explored. 

Because of the biodegradability of the zinc alloy, the continuously 
released metal ions may be toxic to the body in the long term, e.g., 
affecting the blood, and digestive, nervous, and immune systems [11]. 
Furthermore, prolonged zinc exposure may lead to copper deficiency, 
characterized by hypokalemia, anemia, leukopenia, and neutropenia 
[12]. Further, competition between zinc and iron can lead to decreased 
serum ferritin and hematocrit levels [13]. In addition, excessive zinc 
adversely affects serum cholesterol balance, which is usually charac-
terized by an increase in low-density lipoprotein levels and a decrease in 
high-density lipoprotein levels [14]. Chronic zinc intake may lead to 
impaired pancreatic function, resulting in increased release of amylase, 
lipase, and alkaline phosphatase in the blood [15]. Microscopic hema-
turia without renal failure and mild proteinuria are associated with 
high-dose zinc intake. Excessive zinc intake can also be characterized by 
increased liver enzyme activity [16]. Changes in zinc levels in the brain 
can lead to a series of neurological disorders, such as impaired brain 
development, neurodegenerative disorders, including Alzheimer’s dis-
ease and depression, and neuronal damage associated with traumatic 
brain injury, stroke, and seizure [17,18]. Furthermore, serum zinc 
concentrations in benign prostatic hyperplasia patients are significantly 
higher than those in normal controls [19]. Finally, excessive zinc intake 
can inhibit the activity and phagocytosis of immune cells and the im-
mune function of the body [20]. Therefore, the biocompatibility of zinc 
alloy implants should be investigated in detail in vivo. 

The degradation process of degradable metals depends on the in-
ternal environment, as electrolytes accelerate the degradation rate, and 
the degradation of degradable materials varies at different implantation 
sites [21,22]. For instance, the local blood flow, water content of 
different tissues, and different mechanical loading may result in 
different degradation patterns [23]. Mirua et al. [21] reported that the 
rate of Mg-1.0Al corrosion in their study was the fastest in the sub-
periosteum head and the slowest in the muscle of the rat femur. The rate 
was intermediate in the subcutaneous tissue in the back. Whether it is 
necessary to design different degradable osteosynthesis systems with 
different composition or processing for different anatomical sites re-
mains to be determined. The frontal bone, mandible, and femur can be 
tested as implantation sites to evaluate the degradation of implant ma-
terial in vivo, as these sites are potential osteosynthesis system implan-
tation sites in the clinic. In addition, the anatomical structures of frontal 
bone, mandible, and femur are quite different and representative 
(Table 1) [24]. 

The current study was devised to comprehensively analyze the 
biocompatibility and degradation properties of the Zn–Mg–Fe alloy after 
implantation, in vivo, for 1 year. We used beagle as the animal model, 
and simultaneously implanted four sets of standard-sized Zn–Mg–Fe 
alloy osteosynthesis systems in the frontal bone, bilateral mandible, and 
femur. We anticipated that the degradation rate would be different at 
these implantation sites. Further, the current study was devised as a pre- 
clinical study. The plates and screws used were standard-sized and can 
be directly clinically applied in human. Using a series of biochemical 
and biophysical approaches, we show that the Zn–Mg–Fe alloy has very 
good biocompatibility and degradation properties in vivo, making it an 
attractive osteosynthesis system for clinical applications. 

2. Materials and methods 

2.1. Experimental animals 

All animal procedures and experiments were reviewed and approved 
by the Institutional Animal Care and Use Committee at The Fourth 
Military Medical University [Xi’an, China; ethical review number 2017 
(kq-008)]. All procedures were performed in full compliance with the 
institutional and national animal protection laws, and were approved by 
the local animal welfare committee. Twenty-four mature and healthy 
beagles (12 male and 12 female; body weight of 11–13 kg) were 
randomly assigned to four groups for implantation and observation 3, 6, 
9, and 12 months post surgery. Each group contained three male and 
three female dogs. 

2.2. Preparation of materials 

The prototype Zn–Mg–Fe alloy fixation plates used were standard- 
size, four-hole plates, 1-mm thick and 28.6-mm long. The cortical 
bone screws were 7-mm long and had a 2-mm shaft diameter. All plates 
and screws were from Hunan Huayao Bio Medical Technology Co., Ltd, 
China. The Zn–Mg–Fe alloy composition was as follows: 98 wt%≤Zn ≤
99.5 wt%, 0.01 wt%≤Mg ≤ 0.5 wt%, and 0.01 wt% ≤Fe ≤ 0.5 wt%. The 
Zn–Mg–Fe alloy was prepared from high-purity Zn (99.995 wt%), Mg 
(99.99 wt%), and Fe (99.9 wt%). The material was melted and mixed in 
a medium-frequency induction furnace to cast as ingots. An electro-
magnetic stirrer was used to homogenize the melt, and 99.999% argon 
was used as a protection gas to prevent oxidation and achieve the 
desirable alloy composition. The ingots were extruded at 200 ◦C and 
15–20 mm/s, with an extrusion ratio of 14:1–16:1, and drawn to 5–10- 
mm diameter rods. The screws for the in vivo animal study were made 
from as-extruded rods. The ingots were forged at 200 ◦C and cold-rolled 
into 0.5–1.5 mm-thick plates. The tensile strength of the plates (n = 15) 
and screws (n = 15) was 265.1 ± 2.84 MPa and 316.1 ± 3.82 MPa, 
respectively. All screws and plates were sterilized under 25 kGy 60Co 
radiation. 

2.3. Surgical procedures 

All beagles were anesthetized using an intramuscular injection of 
xylazine hydrochloride (0.1 mL/kg) and 3% pentobarbital (0.3 mL/kg). 
Lidocaine with epinephrine was administered at the surgical sites for 
local anesthesia. The center of the frontal bone, the left and right side of 
the mandible, and the middle part of the right femur were chosen as the 
implant sites in each beagle. A Zn–Mg–Fe alloy plate and screw were 
implanted at each site. The screws that fixed the plate to the frontal bone 
were 2 mm shorter than the other screws, to accommodate the relatively 
small frontal bone thickness. Water and food were supplied ad libitum. 
For the first 3 d following the surgery, 8 × 105 units of penicillin was 
administered intramuscularly to each beagle, twice daily. The animals 
were examined every day, and the wound healing and general status 
were recorded. 

2.4. Hematological analysis 

Hematological analyses were conducted before the surgery, and 3, 6, 
9, and 12 months post surgery. For routine blood, biochemical, and trace 
element analyses, the blood was collected in tubes containing EDTA as 
an anti-coagulant, tubes without any additives, and tubes containing 
heparin as an anti-coagulant, respectively. In addition, the collected 
blood without any additives was kept in a tube for 30 min and then 
centrifuged (4000 rpm for 8 min) to separate the serum. Routine blood 
tests, such as the determinations of the counts of white blood cells 
(WBC), red blood cells (RBC), platelets (PLT), hemoglobin (Hb), and 
monocytes, were performed using the Sysmex SE-9000 automatic he-
mocyte analyzer (DKK-TOA, Japan). Blood biochemical tests, including 

Table 1 
Anatomy of different implantation sites.  

Implantation 
site 

Anatomy (from the inside to the outside) 

Frontal bone Frontal bone, periosteum, frontalis, thin subcutaneous tissue, skin 
Mandible Mandible, periosteum, thin layers of muscle, thin submucous 

tissue, mucous membrane 
Femur Femur, periosteum, thick layers of muscle, thick subcutaneous 

tissue, skin  
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the measurements of the alanine amino transferase (ALT), aspartate 
transaminase (AST), alkaline phosphatase (ALP), albumin (ALB), total 
protein (TP), creatinine (CRE), blood urea nitrogen (BUN), total 
cholesterol (CHOL), triglyceride (TG), low-density lipoprotein (LDL), 
and high-density lipoprotein (HDL) levels were performed using a 
7600P automatic biochemical analyzer (Hitachi, Japan). Blood trace 
element analyses, including those for determining zinc, magnesium, 
iron, calcium, and copper levels, were performed using the BH5300 
whole-blood multi-element analyzer (bohui-tech, China). 

2.5. Histological analysis 

The following tissues were processed for histological analysis 12 
months post surgery: tissues retrieved from the heart, liver, spleen, lung, 
kidney, testis, epididymis, prostate, uterus, ovary, oviduct, hypophysis, 
pancreas, adrenal, submandibular, thyroid, and parathyroid glands; the 
cerebrum; tissues adjacent to the frontal bone, mandible, and femur; and 
the fontal bone, mandible, and femur. The specimens were fixed in 4% 
neutral buffered formalin for 48 h. The frontal bone, mandible, and 
femur samples were fixed, dehydrated, and cleared in xylene. The bones 
were then infiltrated and embedded in methyl methacrylate, and 200- 
μm thick sections were obtained, which were subsequently ground to a 
thickness of 50 μm. All sections were stained in Van Gieson’s pic-
rofuchsin stain. Other soft tissues were dehydrated in graded ethanol, 
cleared in xylene, embedded in paraffin, and sectioned into 5-μm slices. 
All sections were stained using hematoxylin and eosin. 

2.6. Zinc content analysis 

One side of the mandible was randomly selected for zinc content 
analysis. The liver and kidney tissues were also harvested for zinc con-
tent analysis. Zinc concentration was determined using inductively- 
coupled plasma optical emission spectrometry (PerkinElmer Optima 
8000, USA). Samples were digested using 6 mL of nitric acid and 2 mL of 
hydrochloric acid in Teflon® containers. They were then heated in a 
microwave (MARS6, CEM Corporation, USA), and diluted with 50 mL of 
highly purified water in polypropylene tubes. The zinc content of the 
samples was subsequently analyzed using inductively coupled plasma 
optical emission spectrometry. 

2.7. Immunological analysis 

2.7.1. Flow cytometry 
The assessment of immune cell subsets in beagle peripheral blood 

was performed using flow cytometry. EDTA-whole blood mixture (90 
μL) was mixed with 5 μL of APC rat anti-dog CD8a (eBioscience, Thermo 
Fisher, USA) and 5 μL of FITC rat anti-dog CD4 (eBioscience) mono-
clonal antibodies. The samples were incubated for 20 min at room 
temperature in the dark. Following the addition of the BD FACSTM 
lysing solution, cells were collected by centrifugation (1500 rpm, 5 min), 
washed and resuspended in phosphate-buffered saline, and analyzed 
using a FACScan flow cytometer (BDFACSCanto II, USA). 

2.7.2. Enzyme-linked immunosorbent assay (ELISA) 
ELISA was employed to measure the interleukin (IL) 2 and 4 levels in 

peripheral blood. Briefly, peripheral blood was obtained and allowed to 
clotted. The serum was obtained by centrifugation at 4000 rpm for 8 min 
at room temperature, and then frozen at − 80 ◦C until use. The IL-2 and 
IL-4 levels were measured using an ELISA kit (Shanghai Sangon Biotech, 
Inc., Shanghai, China). All measurements were performed according to 
the manufacturer’s instructions. 

2.8. Micro-computed tomography (micro-CT) 

The frontal bone, mandible, and femur were harvested after eutha-
nasia, 3, 6, 9, and 12 months after the surgery. The samples were fixed in 

4% paraformaldehyde for 48 h and micro-CT analysis was performed. 
One randomly selected side of the mandible, frontal bone, and femur of 
each beagle was scanned using a microtomography imaging system 
(YXLON Y. Cheetah, Germany). The micro-CT system had a maximum 
voltage of 120 kV and current of 41.0 μA. Three-dimensional imaging 
and volume loss of the implants were evaluated using the three- 
dimensional image processing software VG Studio Max 3.0 (Volume 
Graphics, Heidelberg, Germany). 

The in vivo corrosion rate (CR) of the Zn–Mg–Fe alloy was calculated 
using the following equation [25]: 

CR=
ΔV
A.t  

where CR is the corrosion rate (mm y− 1); △V is the volume loss (the 
Zn–Mg–Fe alloy volume before implantation minus the remaining vol-
ume [mm3]); A is the surface area (mm2); and t is the implantation time 
(y). 

2.9. Scanning electron microscopy (SEM) 

Following micro-CT scanning, each sample was cut into two blocks, 
one for SEM surface scanning analysis and the other for embedding in 
methyl methacrylate. Then, the blocks were cut into 1-mm–thick sec-
tions using a diamond saw (Leica SP1600, Leica Instruments, Nussloch, 
Germany). All samples were coated with a thin layer of gold (SHINKKU 
VD MSP 1S, Japan) to improve conductivity prior to imaging and 
imaged using an SEM (S-4800, Hitachi, Japan). Representative corro-
sion regions in all samples were further analyzed using an energy- 
dispersive X-ray spectroscope (EDS, Oxford, UK). Surface morphology 
of the Zn–Mg–Fe alloy 12 months post implantation and after removing 
degradation products was analyzed by SEM. Briefly, samples were 
treated with chromic acid (200 g CrO3 and 10 g AgNO3 in 1000 mL of 
distilled water) by immersing for 5 min with ultrasonic vibration to 
remove degradation products. Afterwards, the samples were cleaned in 
100% ethanol with ultrasonic vibration for 5 min, air-dried, and 
analyzed by SEM. 

2.10. Degradation product analysis 

Degradation products on the plates and screws were gently scraped 
off and rinsed with double distilled water. After drying at 40 ◦C for 12 h, 
they analyzed as described in sections 2.10.1 to 2.10.3. 

2.10.1. X-ray photoelectron spectroscopy (XPS) 
The degradation products were analyzed using XPS (ESCALAB, 

Thermo Fisher, USA) with and an Al–Kα source at a step size of 1 eV. 
High-resolution narrow scans were analyzed at a step size of 0.1 eV. 

2.10.2. Fourier-transform infrared (FTIR) spectroscopy 
FTIR spectroscopy (VERTEX 70, Bruker, Germany) was employed to 

identify the functional groups of degradation products. A series of 64 
scans were performed at 4 cm− 1 resolution in the range of 400–4000 
cm− 1. 

2.10.3. X-ray diffraction (XRD) 
The chemical composition of implant degradation products was 

characterized using XRD (SmartLab, Rigaku, Japan) and CuKα with an 
angle at a scanning speed of 5◦/min in the 2θ range of 10–90◦. 

2.11. Statistical analysis 

The results are presented as the means ± standard deviations (SDs). 
The data were analyzed using SPSS 19.0 (SPSS Inc., Chicago, USA). 
Statistical significance was assessed using one-way analysis of variance 
(ANOVA), followed by the Tukey’s test. A p-value less than 0.05 was 
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considered statistically significant. 

3. Results 

3.1. Biocompatibility of the Zn–Mg–Fe alloy 

3.1.1. General observations 
In general, the surgical procedure and the Zn–Mg–Fe alloy osteo-

synthesis material were well tolerated by the beagles. There were no 
signs of local inflammation, healing disturbance, allergic reactions, or 
other complications. With time, the surface of the Zn–Mg–Fe alloy 
osteosynthesis material became increasingly corroded, with an 
increasing number of white granular degradation products (Fig. S1). 
New bone covering the Zn–Mg–Fe alloy was also observed. 

3.1.2. Hematological analysis 
The possibly high levels of zinc ions released from the Zn–Mg–Fe 

alloy into the circulation might pose a biosafety concern. Therefore, 
routine blood, biochemical, and trace element analyses were performed 
before and after the surgery. Regarding the routine blood tests, the levels 
of WBC, RBC, PLT, Hb, and monocytes were all within the normal range 
in the Zn–Mg–Fe alloy-implanted animals, with no statistically signifi-
cant differences before and after the surgery (p > 0.05) (Fig. 1). With 
regard to the blood biochemistry testing, no abnormalities in the levels 
of ALT, AST, ALP, ALB, TP, CRE, BU, CHOL, TG, LDL, and HDL were 
noted during the observation period, and all values fluctuated within the 
normal range. No statistically significant differences were apparent be-
tween the time points (p > 0.05) (Fig. 1). Further, the blood zinc, 

magnesium, iron, calcium, and copper concentrations were maintained 
at normal level and did not show significant increases during the 
observation time compared to the levels prior to the surgery (Fig. 2). 
This indicated that the degradation of the Zn–Mg–Fe alloy did not lead 
to significantly elevated concentrations of zinc in the blood, and did not 
perturb the metabolism of magnesium, iron, copper, and calcium. No 
statistically significant differences (p > 0.05) were noted in the post-
surgical levels of these elements compared to those before the surgery. 
Collectively, the analyses indicated that the use of the Zn–Mg–Fe alloy 
was not associated with an increased blood zinc concentration, and did 
not cause abnormal alterations in routine blood and biochemical in-
dicators, demonstrating the good in vivo biosafety performance of the 
Zn–Mg–Fe alloy material. 

3.1.3. Histological analysis 
To identify histological changes, we harvested various tissues from 

the animals 12 months after implantation and evaluated tissue histol-
ogy. Tissue section morphologies are shown in Fig. 3. No morphological 
changes were apparent in the harvested tissues, no inflammatory cell 
infiltration, and no destruction of the tissue structure. No observable 
pathologies were identified, which indicated that the implantation of 
the Zn–Mg–Fe alloy did not result in systemic toxicity. 

3.1.4. Zinc content analysis 
With the degradation of the Zn–Mg–Fe alloy, zinc might accumulate 

in organs, such as the liver, kidney, and spleen. Accordingly, we 
measured the zinc content in these tissues, as well as in the bone tissue 
proximal to the implantation sites, at various time points after 

Fig. 1. Routine blood and biochemistry tests data before and after implantation of the Zn–Mg–Fe alloy. For each data point, six samples were analyzed in duplicate, 
and the mean values ± SDs are presented. The abbreviations are as explained in section 2.4. No statistically significant differences were observed between the time 
points (p > 0.05). 
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implantation (Fig. 4). No significant differences were detected in the 
zinc content of the liver, kidney, and spleen (p > 0.05). This indicated 
that the in vivo zinc balance was not perturbed by the degradation of the 
Zn–Mg–Fe alloy and that zinc released from the implant was metabo-
lized, instead of continuously accumulating in the organs. On the other 
hand, the zinc contents in the adjacent bone tissue increased after im-
plantation, with the highest levels being observed 3 months after the 
surgery; the levels showed a downward trend after the 3-month time 
point. 

3.1.5. Immunological analysis 

3.1.5.1. Flow cytometry analysis. We analyzed the peripheral blood 
CD4/CD8a ratios to identify immune response of Zn–Mg–Fe alloy 
implanted in vivo. No significant differences were apparent between the 
time points analyzed (p > 0.05) (Fig. 5A), indicating limited immune 
responses of Zn–Mg–Fe alloy. 

3.1.5.2. ELISA. We next determined serum levels of the immune 
response indicators IL-2 and IL-4 before and after implantation (Fig. 5B 
and C). No statistically significant differences in the IL-2 and IL-4 levels 
were apparent between the different time points analyzed (p > 0.05), 
indicating that the release of zinc into the circulation did not induce any 
immune responses. 

3.2. Degradation of the Zn–Mg–Fe alloy in vivo 

3.2.1. Micro-CT analysis 
Micro-CT scanning revealed that the surface of the Zn–Mg–Fe alloy 

plates and screws became rough and corroded with time, but that the 
shape outline of the implants remained nearly intact throughout the 
experimental period (Fig. 6A, Fig. S2). The volume of the Zn–Mg–Fe 
alloy implants was analyzed using the VG-studio 3.0 software (Fig. 6B). 
No statistically significant differences between the frontal bone, 
mandible, and femur implant volume loss at the same time points were 
noted (p > 0.05). Further, the implants in the frontal bone, mandible, 
and femur showed volume loss of 19.20 ± 1.25%, 18.43 ± 0.53%, and 

19.06 ± 1.08%, respectively, 12 months after the implantation. The CR 
values of the frontal bone, mandible, and femur implants gradually 
decreased over time (Fig. 6C, Table 2). The CR values of the implants in 
the first 3 months post surgery were higher than those in the last 9 
months analyzed. No statistically significant differences in the volume 
loss or CR values between the Zn–Mg–Fe alloy pieces implanted in the 
frontal bone, mandible, and femur at the same time points were noted (p 
> 0.05) (Fig. 6B, C, Table 2). 

3.2.2. SEM analysis 
Surface morphology of the Zn–Mg–Fe alloy implanted in the frontal 

bone, mandible, and femur 3, 6, 9, and 12 months after implantation is 
shown in Fig. 7. In the images, the surface is covered with a layer of 
degradation products. The degradation products displayed a variety of 
morphologies, with some surface cell adhesion and tissue infiltration 
visible. EDS analysis revealed that the degradation products contained 
Zn, O, C, P, Ca, Cl, N, Na, and K (Fig. S3). As shown, the composition of 
the degradation products varied with the different degradation mor-
phologies, suggesting the existence of a complex degradation microen-
vironment in vivo. The corroded surface of Zn–Mg–Fe alloy is shown in 
Fig. S4. Irregular and small pits were observed after removal of the 
degradation products. 

Representative SEM morphologies of the cross-sections of the 
Zn–Mg–Fe alloy in the frontal bone, mandible, and femur 12 months 
post surgery are shown in Fig. 8. A corresponding element mapping 
revealed a favorable uniform macroscopic degradation, with small, 
shallow cracks visible after 12 months post surgery. This contrasted with 
a severe localized pitting and crevice corrosion reported for Mg alloys 
[26]. 

Corrosion products were visible and distributed around the implant 
(Fig. 8). The interface consisted of a residual Zn–Mg–Fe alloy, degra-
dation products, and bone. The EDS mapping revealed that the bone was 
rich in Ca and P, and the degradation products were rich in Zn and O. In 
the femur section, Ca and P were observed in some parts of the degra-
dation layer, which indicated that new bone appeared in the degrada-
tion product layer. 

Fig. 2. Blood zinc, magnesium, iron, calcium, and copper concentrations before and after implantation of the Zn–Mg–Fe alloy. For each data point, six samples were 
analyzed in duplicate, and the mean values ± SDs are presented. No statistically significant differences were observed between the time points (p > 0.05). 
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Fig. 3. Histological analysis of various tissues 12 months after surgery. The following are shown: tissues harvested from the heart (black arrow: cardiac myocytes), 
liver (black arrow: hepatocyte; green arrow: hepatic interlobular vein), spleen (black arrow: lymphatic nodule), lung (black arrow: terminal bronchiole; green arrow: 
pulmonary alveolus), kidney (black arrow: renal tubules; green arrow: glomerulus), testis (black arrow: seminiferous tubule), epididymis (black arrow: chief cell), 
prostate (black arrow: glandular epithelial cell), uterus (black arrow: uterine gland; green arrow: uterine epithelium), ovary (black arrow: ovarian follicle), oviduct 
(black arrow: secretory cell), hypophysis (black arrow: acidophil; green arrow: chromophobe cell), adrenal gland (black arrow: cells in the fascicular zone; green 
arrow: cells in the reticular zone), pancreas (black arrow: pancreatic islet; green arrow: pancreatic acinus), submandibular gland (black arrow: mucous acinus; green 
arrow: serous acinus), thyroid gland (black arrow: parafollicular cell; green arrow: follicular epithelial cell), parathyroid gland (black arrow: oxyphil cell; green 
arrow: chief cell), cerebrum (black arrow: pyramidal cell; green arrow: oligodendrocyte), frontal bone adjacent tissue (black arrow: collagenous fiber; green arrow: 
fibrocytes), mandible adjacent tissue (black arrow: collagenous fiber; green arrow: fibrocytes), femur adjacent tissue (black arrow: muscle fiber; green arrow: nucleus 
of muscle fiber), fontal bone (black arrow: bone; green arrow: degradation product; white arrow: Zn–Mg–Fe alloy), mandible (black arrow: bone; green arrow: 
degradation product; white arrow: Zn–Mg–Fe alloy), femur (black arrow: bone; green arrow: degradation product; white arrow: Zn–Mg–Fe alloy). Scale bar =
100 μm. 
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3.2.3. Degradation products 
The results of XPS, FTIR, and XRD analyses of the Zn–Mg–Fe alloy 12 

months after implantation are shown in Fig. 9. According to the XPS 
analysis, the corrosion products primarily comprised Zn, O, C, P, Ca, Na, 
and N (Fig. 9A). The presence of N may be attributable to the infiltration 
of biological tissues. High-resolution Zn 2p3/2 spectra are shown in 
Fig. S5. Peaks located at 1021 eV were assigned to Zn [27]; those at 
1021.2 eV were related to Zn3(PO4)2⋅4H2O [28]; peaks at 1022.5 eV 
indicated the existence of Zn(OH)6(CO3)2 [29]; and those at 1022.8 eV 
were attributed to Zn(OH)2 [29]. 

FTIR spectra from the different implantation sites are shown in 
Fig. 9B. The absorption band in the 3100–3600 cm− 1 region was 
attributed to the O–H stretching vibration [30]. The peaks at 1645 cm− 1 

were related to the H2O bending vibration [31]. The 1400–1500 cm− 1 

range corresponded to the v3 mode of CO3
2− [31]. The narrow and high 

intensity peaks observed at 1000–1140 cm− 1 corresponded to the v3 
mode of PO4

3− , and peaks at 560–580 cm− 1 were assigned to the v4 
vibrational mode of PO4

3− [31]. The peak at approximately 580 cm− 1 

was most likely related to ZnO [32]. Furthermore, some absorption 
bands indicated the presence of organic substances [33]. The peak at 
3300 cm− 1 was related to N–H stretching. The peak at 2920 cm− 1 

indicated the H–C stretching [34]. The peak at approximately 1650 
cm− 1 was assigned to amide I vibration and the peak at 1535 cm− 1 was 
related to amide II vibration. The peak close to 1395 cm− 1 was associ-
ated with the symmetric stretching of COO. The peak at approximately 
1235 cm− 1 was assigned to amide III vibration. Finally, the broad band 
near 1100 cm− 1 could be attributed to C–C or C–O stretching. 

The XRD analysis revealed diffraction peaks corresponding to zinc 
oxide [ZnO, PDF file 03-065-0682], zinc hydroxide [Zn(OH)2, PDF file 
01-074-0094], hydrozincite [Zn5(OH)6(CO3)2, PDF file 01-072-1100], 

and hopeite [Zn3(PO4)2⋅4H2O, PDF file 01-074-2275] (Fig. 9C). 

4. Discussion 

The aim of the current study was to investigate the biocompatibility 
and degradability of a biodegradable Zn–Mg–Fe alloy osteosynthesis 
system. We showed that the alloy is not toxic, has desirable biode-
gradability traits, and is a promising candidate material to be used in the 
clinic. 

Good biocompatibility is an essential property of medical implants. 
Zinc is an essential trace element for human. The recommended daily 
intake of zinc is 107–231 μmol d− 1, the daily requirement of zinc is 15 
mg d− 1, and the tolerable upper intake level is 40 mg d− 1 [35]. As a 
degradable metal, its release during the long-term degradation of the 
zinc alloy may have harmful effects on the human body. However, we 
showed here that Zn–Mg–Fe alloy osteosynthesis system is safe for use in 
the body. 

Specific indices determined in the course of routine blood and 
biochemistry analyses, which are sensitive to many pathological 
changes in the body, are commonly used as indicators of the physio-
logical and pathological state. Blood trace element indices are an 
effective way for monitoring zinc levels in the circulation and degra-
dation of the Zn–Mg–Fe alloy in vivo. In the current study, we observed 
that some indicators fluctuated within the normal range, or showed 
specific trends; however, no statistically significant differences were 
observed, indicating the absence of serious blood cell abnormalities, 
hepatic or renal dysfunction, and metabolic lipid or trace element dis-
orders during the alloy implantation. 

Excessive zinc intake may be toxic to the kidney, liver, and cardio-
vascular, nervous, and immune systems [36–38]. However, we did not 

Fig. 4. Zinc content of the liver, kidney, spleen, and adjacent bone tissue. For each data point, six samples were analyzed in duplicate, and the mean values ± SDs are 
presented. No statistically significant differences were observed between the time points in the liver, kidney, and spleen samples (p > 0.05). Zinc content in the 
adjacent bone tissue was significantly elevated 3 and 6 months post surgery (*p < 0.05 vs. pre-surgery; #p < 0.05 vs. pre-surgery or 9 months or 12 months 
post surgery). 
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observe any pathologies in the inner organs of beagle during Zn–Mg–Fe 
alloy degradation, which is consistent with the blood test results, sug-
gesting that the Zn–Mg–Fe alloy has good in vivo biocompatibility. 

In the current study, the liver, kidney, spleen, and adjacent bone 
tissues were retrieved for zinc content analysis. Rössig et al. [39] sys-
tematically investigated the accumulation of rare earth elements in the 
liver, kidney, and spleen in sheep 24 weeks after implantation of a 
LAE442 magnesium-based intramedullary interlocked nailing system. 
The amounts of rare earth elements in these organs were significantly 
higher than those in the stainless austenitic steel 1.4441LA group; 
however, no histopathological changes were observed. In the current 
study, the biodegradation rate of the implanted alloys had no measur-
able effect on the zinc content of different organs. 

Zinc released during degradation can be absorbed by the surround-
ing tissues [40] and excreted via the gastrointestinal route and the 
kidney [35]. Consequently, we also investigated changes in zinc con-
centration in the adjacent bone tissue. We showed that the zinc content 

therein was the highest 3 months post surgery, and then exhibited a 
decreasing trend. This may have coincided with the degradation rate of 
the Zn–Mg–Fe alloy, suggesting that a high degradation rate increases 
the local concentration of elements; as the degradation rate decreases 
and stabilizes, these elements are slowly metabolized. In one study [41], 
degradation of the Mg alloy led to an increased Mg concentration in the 
cortical bone near an implant, but returned to normal levels after 
complete degradation of the implant. As we did not analyze the com-
plete degradation of the Zn–Mg–Fe alloy in the current study, zinc 
metabolism in bone tissue after complete implant degradation should be 
investigated further. 

Zinc is essential for many facets of the immune system, including the 
normal development, differentiation, and function of cells involved in 
the innate and acquired immune responses [42,43]. T lymphocytes are 
immune cells most susceptible to zinc deficiency. Disrupted zinc ho-
meostasis negatively affects the immune system, resulting in a weakened 
formation, activation, and maturation of immune cells [44]. This can 

Fig. 5. Effect of the Zn–Mg–Fe alloy on the immune system. (A) Peripheral blood CD4/CD8a ratios at different time points after implantation. (B) Interleukin (IL) 2 
and (C) IL-4 concentrations before and after implantation of the Zn–Mg–Fe alloy. For each data point, six samples were analyzed in duplicate, and the mean values ±
SDs are presented. No statistically significant differences were observed between the time points (p > 0.05). 
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disrupt cytokine-mediated cell communication and impair the innate 
host defenses [45]. Accordingly, we here assessed the effects of the 
Zn–Mg–Fe alloy degradation using sensitive blood indicators, such as 
the CD4/CD8a lymphocyte ratio, and blood IL-2 and IL-4 levels. We 
found no adverse effects of the implanted alloy on the immune system. 

Many factors affect the complex biodegradation environment in vivo, 
such as cells, pH, temperature, electrolyte flow, blood, and proteins 
[46–48]. Hence, the degradation of the Zn–Mg–Fe alloy should be tested 
in vivo to allow substantiated conclusions. Indeed, many studies have 
confirmed that the implantation site is an important factor influencing 
the degradation. For instance, Zhang et al. [49] found that a Mg alloy 

implant degrades faster in the marrow channel than in the cortical bone. 
As another example, Willbold et al. [50] reported that the head of an 
AZ31 screw covered by soft tissue degrades faster than the screw threads 
in the hip bone in sheep. Therefore, determining the degradation of 
medical degradable materials in different physiological environments in 
vivo is crucial for identifying the most suitable materials for use in such 
specific physiological environments. 

Bowen et al. [51] were the first to implant a pure zinc stent in the rat 
artery. They found that its degradation rate is uniform and close to the 
ideal stent degradation rate of 0.02 mm y− 1 in the first 2–3 months after 
implantation, and accelerates afterwards. In the recent years, the use of 

Fig. 6. Analysis of implant degradation. (A) Micro-computed tomography three-dimensional reconstruction of the Zn–Mg–Fe alloy implanted in the frontal bone, 
mandible, and femur, 3, 6, 9, and 12 months post surgery. (B) Volume loss of the Zn–Mg–Fe alloy implanted in the frontal bone, mandible, and femur, 3, 6, 9, and 12 
months post surgery. (C) Corrosion rates of the Zn–Mg–Fe alloy implanted in the frontal bone, mandible, and femur, 3, 6, 9, and 12 months post surgery. For each 
data point, six samples were analyzed in duplicate, and the mean values ± SDs are presented. Scale bar = 10 mm. No statistically significant differences were 
observed in the volume loss or corrosion rates among the Zn–Mg–Fe alloy implanted in the frontal bone, mandible, and femur at the same time points analyzed (p 
> 0.05). 
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zinc alloys as bone implants has gained increasing attention. Guo et al. 
[52] reported that pure zinc membranes implanted in rat cranium have a 
degradation rate of 0.044 ± 0.003 mm year− 1. Yang et al. [53] reported 
the degradation rate of 0.14 ± 0.05 mm year− 1 for pure Zn in the rat 
femur after an 8-week implantation, with a relatively faster degradation 
rate of Zn-0.4Fe and Zn-0.8 Mg alloys. In the current study, we inves-
tigated the degradation of the Zn–Mg–Fe alloy used as an osteosynthesis 
system. We found that the corrosion rate reached 0.183 mm y− 1 in the 
first 3 months and 0.065 mm y− 1 at 12 months. Although slight differ-
ences were observed in the degradation of the Zn–Mg–Fe alloy in the 
frontal bone, mandible, and femur, they were not statistically signifi-
cant. The implantation sites of the Zn–Mg–Fe alloy were all on the 
cortical bone surface covered by the periosteum. Hence, the tissues in 
direct contact with the Zn–Mg–Fe alloy may play a decisive role in its 
degradation. 

Some studies examined the degradation products of zinc alloys used 

as vascular stents. Zhao et al. [54] implanted a Zn–Li alloy in the rat 
abdominal aorta. Elemental mapping and FTIR analysis revealed cal-
cium phosphate, zinc oxide, zinc chloride hydroxide, and zinc carbonate 
as the corrosion products. Drelich et al. [55] reported that zinc wires 
implanted in the murine artery show a steady degradation without local 
toxicity 20 months post implantation, and that zinc oxide, zinc car-
bonate, and zinc phosphate are the main components of the corrosion 
products. Degradation products have been also considered in studies 
into bone implants. For example, Yang et al. [56] reported that Zn, O, 
and P are the main components of the corrosion products of Zn and 
Zn–5Mg in rat femoral condyles. Further, Su et al. [57] demonstrated 
formation of a segmental layer of ZnP mosaicked with Zn(OH)2 and ZnO 
at the implant/bone interface in a rat femur condyle model. In addition, 
He et al. [58] used in situ site-specific focused ion beam (FIB) micro-
milling and transmission electron microscopy (TEM) to analyze degra-
dation products in the femur mid-diaphysis in New Zealand white 
rabbit. They reported the presence of porous Fe@Zn bone scaffolds with 
dominantly equiaxed nanocrystalline ZnO with a small amount of 
dispersed ZnCO3. Finally, Guo et al. [52] reported that the thin inner 
layer of the degradation products adjacent to the surface of zinc matrix is 
rich in Zn and O, while the outer layer is mainly composed of P and Ca. 
In the current study, XPS, FITR, and XRD analyses revealed that the 
degradation products contain ZnO, Zn(OH)2, Zn5(OH)6(CO3)2, and 
Zn3(PO4)2⋅4H2O, which was consistent with previous studies. 

Pure zinc is reactive. In the initial stage of its degradation, it reacts 
with water forming Zn(OH)2 and ZnO, without gas formation (equations 
(1)–(4)). The stability of Zn(OH)2 and ZnO is determined by environ-
mental factors, such as the type and concentration of ions and the con-
centration of degradation products [59]. The degradation product Zn 
(OH)2 has anti-corrosive properties, which gradually slow down the 

Table 2 
Corrosion rate (mm y− 1)a.  

Time after surgery (months)  

3 6 9 12 

Frontal bone 0.183 ±
0.017 

0.106 ±
0.025 

0.080 ±
0.006 

0.065 ±
0.004 

Mandible 
implant 

0.164 ±
0.030 

0.102 ±
0.020 

0.080 ±
0.029 

0.063 ±
0.003 

Femur implant 0.169 ±
0.020 

0.094 ±
0.013 

0.080 ±
0.009 

0.064 ±
0.005 

p-value 0.3418 0.5340 0.9990 0.7477  

a The corrosion rate was determined as described in section 2.8. The values are 
presented as the means ± SDs (n = 6). 

Fig. 7. Surface morphology of the Zn–Mg–Fe alloy implanted in the frontal bone, mandible, and femur, 3, 6, 9, and 12 months after implantation. Scale bar = 20 μm.  
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degradation of the Zn–Mg–Fe alloy. Chloride ions can dissolve the 
insoluble Zn(OH)2, and form insoluble phosphate and carbonate com-
pounds [60,61](equations (5) and (6)). The inert materials formed 
during zinc degradation may contain many components with different 
densities. They have low solubility in body fluids and are physically 
deposited on the metal surface, hindering the degradation of the zinc 
alloy and slowing down the degradation rate [62]. In the current study, 
the degradation rate of the Zn–Mg–Fe alloy in the first 3 months after 
implantation was significantly faster than that in the latter 9 months 
probably because insoluble degradation products did not accumulate on 
the Zn–Mg–Fe alloy surface at the initial stage, allowing full contact 
between the Zn–Mg–Fe alloy materials and the microenvironment. 
Three months later, with the accumulation of insoluble degradation 
products, the degradation of the Zn–Mg–Fe alloy was hindered, resulting 
in a slow and uniform degradation of the implant. Since the observation 
time in the current study was 12 months, the in vivo degradation prop-
erties of the Zn–Mg–Fe alloy should in the future be evaluated in the 
longer term.  

Zn → Zn2++2e–                                                                              (1)  

O2+2H2O+4e– → 4OH− (2)  

Zn2++2OH− ⇆ Zn(OH)2                                                                  (3)  

Zn(OH)2 ⇆ ZnO + H2O                                                                   (4)  

3Zn2+ +2HPO4
2− +2OH− +2H2O ⇆ Zn3(PO4)2⋅4H2O                           (5)  

5Zn2+ +2HCO3
− +8OH− ⇆ Zn5(CO3)2(OH)6+2H2O                             (6) 

After zinc alloy implantation in vivo, foreign body reaction and 
trauma are initiated, to form hematoma and elicit inflammatory 
response [63,64]. Cells (macrophages, foreign body giant cells, neu-
trophils, osteoblasts, stem cells, etc.), body fluid, proteins, and inorganic 
ions are deposited on the implant [65]. Degradation rate is relative rapid 
at this stage, with large amounts of Zn ions released [58]. Consequently, 
the inhibitory effect of Zn ions is predominant [66], and zinc content in 
the adjacent bone tissue rises significantly (Fig. 4). 

Insoluble degradation products deposited on the surface of the 
Zn–Mg–Fe alloy resulted in a decreased concentration of zinc ions. 
Moderate zinc levels are beneficial for bone formation [67]. Zhu et al. 
[6] reported that zinc ions promote hMSC osteogenesis through TRPM7 
and GPR39 receptors, activation of intracellular cAMP and PKA, and 
AKT and MARK activation. Yamaguchi et al. [68] reported that Zn 
stimulates osteoblastogenesis and suppresses osteoclastogenesis by 
antagonizing NF-κB activation. The connective tissue forms on the 
implant surface and is gradually replaced by new bone on the outer side 
of the connective tissue [57]. Mg and Fe ions are thought to play a minor 
role in the osseointegration of Zn–Mg–Fe alloy as compared to Zn ions, 
since the Mg and Fe levels were low, and EDS and XPS analyses detected 

Fig. 8. Scanning electron microscopy images of the frontal bone, mandible, and femur cross-sections 12 months post surgery, and corresponding elemental dis-
tribution mapping. Carbon: C, purple; oxygen: O, blue; phosphate: P, green; calcium: Ca, yellow; zinc: Zn, pink; B: bone; DP: degradation products. Scale bar = 20 μm. 

Fig. 9. Degradation product analysis. (A) X-ray photoelectron spectroscopy spectra, (B) Fourier-transform infrared spectra, and (C) X-ray diffraction patterns of the 
alloy degradation products 12 months post surgery. 
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only trace amounts of these elements (Fig. 9, Fig. S3). 
Following osseointegration, the tissue microenvironment changes to 

allow oxygen reduction, restrict fluid flow, impede mass exchange, and 
increase local pH, which, together with the formed insoluble degrada-
tion products, retard degradation rate. A decreased degradation rate 
with prolonged implantation time was also reported for the Zn–5Mg 
alloy [56]. A reduced release of Zn ions favors stimulation of new bone 
formation [66]. As shown in Fig. 8 in the current study, a region rich in 
Ca and P formed in the degradation product layer, which was considered 
to be a new bone, and indicated that new bone gradually replaces the 
degradation products. Tight and direct bone bonding of the Zn–Mg–Fe 
alloy allowed good bonding strength, avoiding implant loosening [58]. 

A uniform degradation of the Zn–Mg–Fe alloy was observed in the 
current study. Many visible and invisible pits and cracks can form during 
degradation of degradable alloys. The formation of these structures may 
greatly impact the performance of the degradable alloy as an osteo-
synthesis system material, leading to the decline of the mechanical 
implant integrity. Stress concentration may occur at the pits and cracks 
before early bone tissue healing and repair, hindering bone remodeling 
and biological function recovery, resulting in fixation failure. Hence, 
developing degradable alloys that are suitable for the local microenvi-
ronment is important [69]. 

In the current study, we followed the in vivo degradation of the 
Zn–Mg–Fe alloy in the first 12 months of implantation. In the future, we 
plan to track its complete degradation. If the insoluble substances on the 
implant surface retard the implant degradation, future studies should 
focus on how to improve or maintain a uniform degradation rate in the 
later stages of implantation. Furthermore, the mechanism by which the 
Zn–Mg–Fe alloy is metabolized in the body should be studied further. In 
addition, we here investigated the degradation differences of the 
Zn–Mg–Fe alloy as an osteosynthesis system on the bone surface in the 
frontal bone, mandible, and femur, but did not consider other ortho-
pedic devices, such as intramedullary nails. Finally, the potential ap-
plications of degradable metals in vivo, such as the subcutaneous, 
muscle, urethra, intestine, and heart applications, should also be 
investigated. 

5. Conclusions 

In the current study, we performed a detailed evaluation of the 
biocompatibility and degradation of a Zn–Mg–Fe alloy used as an 
osteosynthesis system in the frontal bone, mandible, and femur in 
beagle, for 1 year. The analysis indicated good compatibility of the 
Zn–Mg–Fe alloy, with limited toxicity in vivo. Bone zinc content signif-
icantly increased in 3 months post implantation, and then decreased, 
which was related to the degradation of the Zn–Mg–Fe alloy. The 
Zn–Mg–Fe alloy was degraded in a uniform manner, with no significant 
differences in the degradation rate among the frontal bone, mandible, 
and femur implants. The degradation rate reached approximately 0.183 
mm y− 1 in the first 3 months, and then decreased to approximately 
0.065 mm y− 1 at 12 months. The degradation products were zinc oxide 
[ZnO], zinc hydroxide [Zn(OH)2], hydrozincite [Zn5(OH)6(CO3)2], and 
hopeite [Zn3(PO4)2⋅4H2O]. A trend of degradation product replacement 
by the bone was observed, allowing implant stabilization in the long 
term. In conclusion, the study revealed that with good biocompatibility, 
mechanical strength, and degradation properties, the Zn–Mg–Fe alloy is 
a promising candidate for an osteosynthesis system. 
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