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Abstract. The neotype magnesium alloy, Mg-Nd-Zn-Zr 
(NZK) alloy, was implanted into the rabbit femur to inves-
tigate its in vivo degradation behavior and biocompatibility. 
Seventy-two New Zealand white rabbits were randomly 
divided into the NZK alloy group, titanium alloy group and 
sham-operated group. Then NZK alloy rods were embedded 
in the rabbit femur in the NZK alloy group, titanium alloy rods 
were embedded in the titanium alloy group, and only bone 
tunnel was established in the sham-operated group. Prior to 
surgery and at 1, 7, 14, 28 and 56 days after operation, the 
serum alanine transaminase, creatinine, creatine kinase and 
magnesium ion concentration were examined in each group. 
An X-ray of the implanted region was taken at 7, 14, 28 and 
56 days after implantation. The pathological changes in heart, 
liver, kidney and bone from the implant region were examined 
at 28 and 56 days postoperatively. The degradation behavior of 
the NZK alloy was observed using scanning electron micro-
scope with an energy dispersive spectroscopy system. There 
were no significant differences in serum alanine transaminase, 
creatinine, creatine kinase and magnesium ion concentra-
tions among each group at the same time point (P>0.05). 
The histology of heart, liver, kidney and bone from implant 
region was altered. The results demonstrate that the NZK alloy 
implanted into the rabbit femur could be absorbed gradually, 
and that the NZK alloy has excellent biocompatibility in vivo.

Introduction

Traditionally, materials used for internal fixation in orthope-
dics are metals such as titanium alloy and stainless steel. The 
elastic modulus of these metals are greater than that of human 
bone, thus they can cause a stress shielding effect which can 
decrease bone strength and delay bone healing. Moreover, 
these implants may undergo corrosion or abrasion and will 
release toxic ions or particles into the human body, which 
result in chronic inflammatory and bone dissolution (1). In 
addition, the metal materials used for bone fracture fixation 
are permanent and require removal by an additional surgical 
procedure, which results in unnecessary morbidity (1-5). 
Therefore, the development of resorbable metal materials to 
solve these problems has become the focus of research (6-8).

Magnesium alloys, which are easily corroded in solutions, 
especially in the presence of chloride ions, and have good 
biocompatibility have become promising degradable bioma-
terials, attracting much attention in recent years (1,2,9,10). 
Previous studies have confirmed that magnesium alloys have 
good biocompatibility, may promote osteocyte growth and 
may induce production of osteoblasts and osteocytes (11-15). 
Owing to suitable mechanical property and good biocompat-
ibility, high specific strength and specific stiffness, degradable 
magnesium alloys can be utilized in many aspects such as 
bone repair material, coronary artery stent and porous repair 
material. However, fast corrosion rates and the appearance 
of a gas bubble in the physiological environment impose 
severe limitations which have prevented their further clinical 
applications. Hence, in order to make use of magnesium alloy 
feasible for orthopedic implantation, the corrosion rate must be 
effectively controlled. It is well known that alloying (16) and 
surface treatment (17) were convenient and effective methods 
to enhance the corrosion resistance of magnesium. To gain 
the better corrosion resistance and biocompatibility than that 
of the commercial magnesium alloys, a novel patent magne-
sium alloy, Mg-Nd-Zn-Zr (NZK) alloy, has been designed in 
our laboratory (PRC Patent ZL 201010252357.0). To date, the 
NZK alloy has not been systematically studied as degradable 
biomaterial in vitro and in vivo. In the present study, NZK alloy 
rods were implanted into the rabbit femur so as to analyze the 
in vivo degradation behavior and biocompatibility at the early 
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stage. The results from this study may provide an experimental 
basis for the in vivo application of NZK alloy and obtain a 
promising degradable biomaterial for orthopedic applications.

Materials and methods

Materials and laboratory animals. NZK alloy and titanium 
alloy were obtained from the National Engineering Research 
Center of Light Alloys Net Forming, Shanghai Jiao Tong 
University. The NZK alloy chemical composition is shown 
in Table  I (PRC Patent ZL 201010252357.0). The alloy was 
fabricated into Φ 3x7.5 mm rods, ground on metallographical 
emery paper until 1,000 grit, followed by ultrasound wash in 
ethanol and distilled water. Prior to testing, ethylene oxide was 
used for sterilization.

A total of 72 clean healthy adult New Zealand white rabbits 
weighing 2.0-3.0 kg, and an average weight of 2.5±0.3 kg, were 
supplied by the Shanghai Jiesijie Lab. Animal Co., Ltd., China 
[license no. SCXK (hu) 2010-0026]. Thirty-six were male and 
36 were female. Protocols were performed in accordance with 
Guidance Suggestions for the Care and Use of Laboratory 
Animals, issued by the Ministry of Science and Technology of 
the People's Republic of China (2006-09-30).

Animal experiments. The seventy-two New Zealand white 
rabbits were randomly divided into the NZK alloy group, 
titanium alloy group and the sham-operated group. The New 
Zealand white rabbits were intramuscularly anesthetized with 
xylazine (4 mg/kg, Jilin Huamu Animal Health Products Co., 
Ltd., China) and ketamine (80 mg/kg, Fujian Gutian Medicine 
Co., Ltd., China). Following fixation, iodophors were utilized 
to sterilize the skin. Hole sheets were paved. A longitudinal 
incision about 2 cm was made in the lateral side of the distal 
femur. Under sterile conditions, the skin and the subcutaneous 
tissue were incised to expose the distal femur, and the femur 
tunnel was established using an electric drill. Then NZK alloy 
rods were embedded in the femur via femur tunnel in the NZK 
alloy group, the titanium alloy rods were embedded in the tita-
nium alloy group, and only bone tunnel was established in the 
sham-operated group (Fig. 1). After saline irrigation, the inci-
sion was sutured layer by layer. The rabbits were allowed to 
move freely in their cages following consciousness, with free 
access to chow and water. Postoperatively, the animals were 
received intramuscular injection of penicillin (400 U/day) 
for three days. The diet, activity, inflammatory reaction and 
exudation in the incisal opening were observed, and clinical 
examinations of the femur was performed everyday after the 
operation until euthanasia of the animals in order to detect the 
degradation behavior of the NZK alloy implants.

X-ray. The region with the implant was photographed using 
X-rays at 7, 14, 28 and 56 days postoperatively to ensure the 
correct position of the implant and to be used as a detective 
method for the degradation of the NZK alloy implants.

Blood analysis. Serum alanine transaminase (ALT), creatinine 
(CREA), creatine kinase (CK) and magnesium ion concentra-
tion (MIC) were examined by an automatic blood biochemistry 
analyzer (Hitachi 7600-020, Japan) before surgery and at 1, 7, 
14, 28 and 56 days after implantation.

Histopathology. Six rabbits from each group were sacrificed 
by overdose of ketamine at 28 and 56 days postoperatively. 
The heart, liver, kidney and bone from the implant region 
were obtained and fixed with 4% formalin for 24 h, and then 
dehydrated with gradient ethanol, permeabilized, embedded 
in paraffin, and sliced into 5 µm thick sections. The sections 
were stained using hematoxylin and eosin (H&E) staining, and 
the histological changes in the organs were observed under a 
microscope.

Scanning electron microscope (SEM) and energy dispersive 
spectroscopy (EDS). The degradation behavior of the NZK 
alloy was observed using scanning electron microscope (SEM) 
with an energy dispersive spectroscopy (EDS) system (Hitachi 
S-4800, Japan). At 4 and 8 weeks postoperatively, implants 
were removed from rabbit femur, and rinsed with distilled 
water and dried in the air. Then the surface morphology was 
observed by SEM. The products on the surface of the NZK 
alloy was detected by EDS. At the end, the implants were 
cleaned by 200 g/l chromic acid to remove the corrosion prod-
ucts and the degradation rates were obtained according to the 
weight loss method (18): corrosion rate = (K x W)/(A x T x D), 
where coefficient K=8.76x104; W, weight loss (g); A, sample 
area exposed to solution (cm2); T, exposure time (h); and D,  
density of the material (g/cm3).

Statistical analysis. The statistics software SPSS13.0 (SPSS, 
Inc., Chicago, IL, USA) was used to analyze the data. The 
difference between the groups was compared using one-way 
analysis of variance (ANOVA). P-value <0.05 indicates statisti-
cally significant differences.

Results

General condition of experimental animals. Of the 72 New 
Zealand white rabbits obtained a total of 68 were included 
in the final analysis. Those not included were a rabbit which 
fractured its surgical region in the ZNK alloy group, 2 rabbits 
which fractured their surgical region in the sham-operated 
group, and a rabbit which died of diarrhea in the titanium alloy 
group after operation. The rabbits in each group grew well, 
with free activities and normal diet and drinking. No infection, 
swelling, necrosis, inflammation or flare complicated in local 
region surrounding the incision.

Radiological examination. As shown in the X-ray photograph 
(Fig. 2A and B), NZK alloy degradation behavior deepened 
over time. AT 28 days, the degradation was not noticeable, but 
the implants became blurred. The size of NZK alloy became 
small, but did not show obvious degradation at 56 days. The 
results suggested that NZK alloy might have been absorbed 
gradually in vivo. However, no significant degradation was 
visible in the titanium alloy group (Fig. 2C and D).

Results of serology. Changes in ALT, CREA, CK and MIC 
levels were observed prior to and following surgery in the NZK 
alloy, titanium alloy and sham-operated groups (Figs. 3-6). No 
significant differences were observed in ALT, CREA, CK and 
MIC levels in each group prior to surgery (P>0.05). There were 
no significant differences in ALT, CREA and MIC between 
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Figure 1. Animal experiment. (A) Preparation for surgery. (B) Implant in the 
femur of the rabbit.

Figure 2. X-ray images of the implant region in the NZK alloy group and tita-
nium alloy group at 28 and 56 days postoperatively. (A) NZK alloy implanted 
into the rabbit femur 28 days after surgery. (B) The image of the NZK alloy 
was blurred at 56 days after the surgery. (C and D) Images of the titanium 
alloy at 28 and 56 days respectively after surgery.

Figure 3. Serum alanine transaminase (ALT) levels before and after implan-
tation in each group.

Figure 4. Serum creatinine (CREA) levels before and after implantation in each 
group.

Table I. Chemical composition of the NZK alloy.

	 Chemical composition (weight %)
	 -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 Mg	 Nd	 Zn	 Zr	 Si	 Ni	 Cu	 Fe	 Al

NZK alloy	 Balance	 2.5	 0.2	 0.5	 0.0016	 0.0025	 0.0195	 0.1038	 -

Figure 5. Serum creatine kinase (CK) levels before and after implantation in each 
group.

Figure 6. Magnesium ion concentrations (MIC) before and after implantation 
in each group.
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the NZK alloy, titanium alloy and sham-operated groups at the 
same time point following surgery (P>0.05). On the first day 
after the surgery, there was a rapid increase of the serum CK 
levels (P<0.05), which returned to the pre-operative levels at 
14 days after the surgery. However, no significant differences 
were determined between the three groups at the same time 
point (P>0.05).

Histological examination. The New Zealand white rabbits 
were sacrificed at 28 and 56 days after the surgery and patho-
logical sections were obtained from the heart, liver, kidney, 
and bone from the implant region and were stained with H&E 
(Figs. 7 and 8). In the NZK alloy group, the morphology of 
the myocardium was normal, and did not show substantial 
changes. Hepatocytes did not present significant swelling or 
necrosis, and the bile duct did not show obvious expansion or 
bile siltation. No edema or inflammation was observed in the 
renal glomerulus. No inflammatory cell infiltration was found 
in the bone at the implant region. In the titanium alloy group, 

the structure of the myocardium was not noticeably altered. 
Hepatocytes were normal, no remarkable inflammation or 
edema, and the bile duct did not expand. The renal glom-
erulus exhibited normal morphology, and no inflammatory 
cell infiltration was detected. The morphology of the bone at 
the implant region was normal. In the sham-operated group, 
no inflammation or necrosis was observed in myocardium. 
Hepatocytes and the hepatic plate arranged normally, and no 
marked abnormality was determined in the central vein. The 
renal glomerulus and renal tubule showed normal morphology, 
without inflammatory cell infiltration. The bone tunnel was 
healed well in the operation region, and no dramatic inflam-
matory cell infiltration was observed.

Degradation analysis of ZNK alloy. The NZK alloy was 
removed from the rabbit femur at 28 and 56 days after the 
surgery. Its weight was 91.5 and 87.8% of the original weight at 
28 and 56 days respectively, suggesting that 8.5 and 12.2% of 
the NZK alloy implants had been absorbed at 28 and 56 days, 
respectively (Fig. 9). According to the weight loss method, the 
average degradation rates of the NZK alloy implanted into the 
rabbit femur were 0.66 and 0.48 mm/year at 28 and 56 days, 
respectively (Table II). At visual inspection, the surface of the 
NZK alloy had lost its original metallic luster, and its edge 
was not distinct. After drying, the surface was coated with 
some loose white materials. A layer of off-white degradation 
products under the SEM was visible on the surface of the NZK 
alloy (Fig. 10A). The surface was rough with irregular corro-
sion pits on the NZK alloy when the implants were cleaned by 
chromic acid to remove the degradation products (Fig. 10B).

EDS analysis showed that the main components of the 
degradation products were oxygen, carbon, nitrogen, magne-
sium and phosphorus at 56 days after the surgery (Table III).

Figure 7. Pathological sections in the NZK alloy group showing normal 
structure of (A) heart, (B) liver, (C) kidney and (D) bone tissue from the 
implant region at 4 weeks after the surgery (hematoxylin eosin staining). 
Magnification, x100.

Figure 8. Pathological sections in the NZK alloy group showing normal 
structure of (A) heart, (B) liver, (C) kidney and (D) bone tissue from the 
implant region at 8 weeks after the surgery (hematoxylin eosin staining). 
Magnification, x100.

Figure 9. Degradation rates of NZK alloy implanted into the rabbit femur at 
28 and 56 days, respectively.

Table II. In vivo degradation rates of NZK alloy.

	 In vivo degradation rates (mm/year)
	 ---------------------------------------------------------------------
	 4 weeks	 8 weeks

NZK alloy	 0.66±0.15	 0.48±0.08
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Discussion

Magnesium and its alloys have been used as implants in 
surgery since 1907. Lambotte (19) utilized pure magnesium 
plate and gilded steel nail to treat a fracture of the lower leg. 
The pure magnesium plate corroded rapidly in vivo, and lost 
its integrity 8 days after surgery, and produced a great number 
of gas bubbles, resulting in surgery failure. Subsequently, 
the studies concerning use of magnesium and its alloys as 
implant material gradually declined. Since the 1990s, with 
the development of the production technique for magnesium 
and its alloys, researchers have achieved a great breakthrough 
in controlling the corrosion resistance of magnesium and its 
alloys. Thus, medical application of magnesium alloy has 
re-gained attention.

In the present study, the neotype NZK alloy implants were 
implanted into the rabbit femur. At various time points, their 
biocompatibility were assessed by detection of ALT, CREA, 
CK and MIC levels in blood and by histological analysis of 
heart, liver, kidney and bone from the implant region. Also, the 
degradation behavior of the NZK alloy was observed via X-ray, 
SEM and EDS. The serum biochemistry was conducted prior 
to the surgery and at 1, 7, 28 and 56 days after implantation. 
Results from this study demonstrated that no significant differ-
ence was determined in ALT and CREA levels before and 
after surgery in each group (P>0.05). There were no signifi-
cant differences in ALT and CREA levels between the NZK 
alloy, titanium alloy and sham-operated groups at the same 
time point after surgery (P>0.05). These results suggested that 
the liver and renal function were not adversely affected. On 

the first day after the surgery, there was a rapid increase in the 
CK levels (P<0.05), which returned to the pre-operative level 
14 days after the surgery. However, no significant differences 
were observed between the three groups at the same time point 
after surgery (P>0.05), which suggested that the increase in 
CK levels after surgery is induced by surgical factors, not 
by implant of metal materials. In the NZK alloy group, the 
pre-operative MIC of the New Zealand white rabbit was 
0.86±0.09 mmol/l, and the MIC did not change significantly 
within the first day after the surgery. At 7 days, there was a 
remarkable increase in MIC levels compared with that prior 
to surgery (P<0.05), which returned to the pre-operative levels 
on the 14 days after implantation. Meanwhile, a significant 
difference was observed in the NZK alloy group compared 
with the titanium alloy group and sham-operated group at the 
same time point after surgery (P<0.05).

Increased MIC levels following implantation in the NZK 
alloy group may be due to two key reasons: i) following NZK 
alloy implantation, body fluid and blood supply was abun-
dant surrounding the NZK alloy, so the NZK alloy began to 
degrade, and the magnesium ion was absorbed by blood vessel 
epithelial cells around the NZK alloy. Following a series of 
transport, the magnesium ions entered the blood circulation 
and were discharged via the kidney. ii) Surgery caused a 
local stress reaction and systematic reaction, thus stimulating 
magnesium ion transfer from inside cells to outside cells in 
order to promote wound healing. Pathological sections of 
heart, liver, kidney and bone from the implant region showed 
that the histological structure did not obviously change 
(Figs. 7 and 8).

The morphology of the myocardium appeared normal, 
and did not show substantial change. The hepatocytes were 
not swollen or necrotic, and the bile duct did not demonstrate 
notable distension and deposition. No edema or necrosis 
was detected in the renal glomerulus. No inflammatory cell 
infiltration was determined in bone from implant region. Our 
study suggested that NZK alloy has excellent biocompatibility 
as degraded biomaterial implanted into the rabbit femur. 
Therefore, NZK alloy could be a promising degradable mate-
rial for orthopedic applications.

Magnesium and its alloys are easily corroded in solutions, 
especially in the presence of chloride ions. In this study, the 
degradation behavior of NZK alloy was observed by X-ray, 
SEM and EDS. According to the X-ray images, NZK alloy 
implants evenly degraded on 28 days following implantation, 
and changes of metal size were not obvious. X-ray images of 
the NZK alloy implants were fuzzy at 56 days after the implan-
tation, suggesting that the material may have been gradually 
absorbed in vivo. The degradation of magnesium and its alloys 
is affected by various aspects, including chemistry, physics 
and electrochemistry. In vivo degradation is also affected by 
surrounding pH value and protein. Magnesium can have the 
following reactions in aqueous solution (20): 

Mg + 2H2O → Mg(OH)2 + H2

The precise reaction procedures are as follows:

Mg → Mg2+ + 2e- (anodic reaction)
2H2O + 2e- → H2 + 2OH- (cathodic reaction)

Figure 10. Degradation morphology of the NZK alloy implanted into the 
rabbit femur at 8 weeks using scanning electron microscopy. (A) The surface 
of the NZK alloy was rough with a layer of off-white degradation products. 
(B) Scanning electron micrograph of NZK alloy showing rough surface with 
copious irregular corrosion pits after removing degradation products using 
chromic acid.

Table III. Degradation products on the surface of the NZK 
alloy (4 weeks).

Elements	 Weight %	 Atomic %

Oxygen	 35.10	 29.94
Carbon	 49.46	 56.20
Nitrogen	 13.01	 12.68
Magnesium	 0.96	 0.54
Phosphorus	 0.86	 0.36
Sulfur	 0.61	 0.26
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Mg2+ + 2OH- → Mg(OH)2

Magnesium and its alloys produce oxide film in corrosion 
medium. Mg(OH)2 is porous, and cannot effectively protect 
magnesium and its alloys. The speed of degradation is associ-
ated with the alloying elements, the surrounding temperature, 
pH value and negative ion concentration. Magnesium is an 
active metal, easily reacts with many solutions, especially 
chloride ion solution. Cl- can transform Mg(OH)2 into MgCl2, 
and then MgCl2 will dissolve to Mg2+ and two Cl-, which will 
locate on the surface of the magnesium and its alloys (10).

Mg(OH)2 + 2Cl- → MgCl2

MgCl2 → Mg2+ + 2Cl-

Alloying is a general approach to improve the corrosion 
resistance of magnesium. Therefore, in the present research, 
neodymium, zinc and zirconium were chosen as the alloying 
elements to improve the corrosion resistance of magnesium 
alloy. Witte et al  (4) added the rare earth elements to the 
magnesium, and made magnesium rare earth alloys for in vivo 
degradation tests. In their study, while magnesium alloys 
LAE442 and WE43 were compared with magnesium alloys 
AZ31 and AZ91, LAE442 had the lowest degradation rate, 
indicating that the addition of alloying elements can affect the 
degradation rate of magnesium and its alloys. Zinc is a common 
alloying element added in magnesium and its strengthening 
effect is second only to aluminum (21). Xu et al (13) proposed 
that the addition of zinc in magnesium could improve the corro-
sion resistance. Zirconium is usually used as a grain refiner 
in magnesium alloys, thereby contributing to the strength of 
these alloys (22). Thus, it can be suggested that the corrosion 
resistance of our NZK alloy has been elevated by the addition 
of the elements neodymium, zinc and zirconium in magne-
sium. From Table II, it should be noted that the degradation 
rate of NZK alloy at 56 days implantation was lower than that 
at 28 days, owing to the corrosion layer on the surface of NZK 
alloy prohibiting the degradation. The surface of NZK alloy 
was covered by a layer of powder-like products at 56 days after 
the surgery, and the EDS analysis of the remaining materials 
showed that oxygen, carbon, nitrogen, magnesium and phos-
phorus were the main degradation products (Fig. 10A).

In summary, radiographic images showed that NZK alloy 
implants were gradually absorbed within 56 days when they 
were implanted into the femur of New Zealand white rabbits. 
Histology of heart, liver, kidney, and bone from the implant 
region was normal, and there was no infiltration by inflamma-
tory cells, suggesting that the NZK alloy and its degradation 
products have excellent biocompatibility with heart, liver, 
kidney, and bone from the implant region. No significant 
difference was determined in liver and kidney function before 
and after surgery in each group (P>0.05), and there were no 
significant differences in liver and kidney function among 
NZK alloy, titanium alloy and sham-operated groups at the 
same time point following surgery (P>0.05). Results from this 
study demonstrated that NZK alloy has no adverse effects on 
liver and kidney functions, without toxic reaction, which indi-
cate that the NZK alloy has excellent biocompatibility in vivo. 
The results from this study suggest that the NZK alloy can be 
absorbed gradually, and has excellent biocompatibility in vivo. 

However, our study is limited by the investigation of short-
term degradation behavior and biocompatibility of NZK alloy 
in vivo. There will be a need for in vitro studies and long-term 
in vivo studies to validate and supplement the current results.

In conclusion, in this manuscript, the in vivo degradation 
behavior and biocompatibility of NZK alloy implanted into 
the rabbit femur have been studied and the following conclu-
sions can be drawn: i) ZNK alloy rods were implanted into 
the femur of the New Zealand white rabbits, and the implants 
degraded by ~91.5 and 87.8% of the original weight at 28 and 
56 days respectively, suggesting that the NZK alloy can be 
absorbed in the rabbit bone tissue gradually. ii) The implants 
of the NZK alloy implanted into the rabbit bone tissue had no 
measurable effect on ALT, CREA, CK and MIC. There were 
no changes in the histology of the heart, liver, kidney, and bone 
from the implant region postoperatively. These results suggest 
that NZK alloy has excellent biocompatibility in vivo.
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