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In order to enhance the corrosion resistance of the Ca65Mg15Zn20 bulk metallic glass, which has too fast a
degradation rate for biomedical applications, we fabricated the Ca20Mg20Zn20Sr20Yb20 high-entropy bulk
metallic glass because of the unique properties of high-entropy alloys. Our results showed that the
mechanical properties and corrosion behavior were enhanced. The in vitro tests showed that the
Ca20Mg20Zn20Sr20Yb20 high-entropy bulk metallic glass could stimulate the proliferation and differentia-
tion of cultured osteoblasts. The in vivo animal tests showed that the Ca20Mg20Zn20Sr20Yb20 high-entropy
bulk metallic glass did not show any obvious degradation after 4 weeks of implantation, and they can
promote osteogenesis and new bone formation after 2 weeks of implantation. The improved mechanical
properties and corrosion behavior can be attributed to the different chemical composition as well as the
formation of a unique high-entropy atomic structure with a maximum degree of disorder.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Bulk metallic glasses (BMGs) are a neoteric class of alloys with a
fully amorphous microstructure, unlike conventional crystalline al-
loys. Due to their unique atomic structure, BMGs have superior
strength, low Young’s modulus, high elastic strain limit, enhanced
wear resistance, excellent corrosion resistance, relatively flexible
composition, and broader solubility for alloy elements [1]. Bulk
metallic glasses have attracted much attention in recent years as
candidates for biomaterials. Ti-based [2,3], Zr-based [4–6] and
Fe-based BMGs [7,8] have all been investigated as new kinds of
non-degradable materials, whilst Ca-based [9,10], Mg-based
[11,12], Zn-based [13,14] and Sr-based BMGs [15] have been devel-
oped as the new generation of biodegradable metals.

In our previous study [9], Ca65Mg15Zn20 BMG was evaluated by
both in vitro tests on corrosion behavior, ion release and biocom-
patibility and in vivo implantation, aiming at exploring its feasibil-
ity for potential skeletal applications. Our results imply that
Ca65Mg15Zn20 BMG is nontoxic and could actually stimulate bone
tissue healing. However, Ca65Mg15Zn20 BMG degraded completely
after 4 h in vitro and within 4 weeks in vivo, which is too rapid to
allow sufficient time for healing, as it is desirable to have the im-
planted fixture present for at least 12 weeks. The rapid degradation
rate of Ca65Mg15Zn20 BMG is one of the greatest limitations for its
use in orthopedic applications. In an effort to improve the corrosion
resistance of metal materials, two different strategies are usually
applied: surface treatment and alloying. Although surface coatings
could enhance the corrosion resistance of CaMgZn ternary BMG
according to our previous study [16], there is great concern about
the loosening, flaking or peeling-off of coatings, especially when
immersed in an aggressive physiological medium for a long period.

In recent years, high-entropy alloys (HEAs), an advanced alloy
system that contains multiple principal elements in equimolar ra-
tios instead of a single major element, have been developed.
According to the regular solution approach, with an increasing
number of principal elements in the system, the configurational en-
tropy of mixing increases, reaching a maximum when the concen-
trations of all the elements are equal. This feature forms the core
concept of HEAs. HEAs are been defined as alloys composed of five
or more principal elements in equimolar ratios. HEAs have a stable
simple solid-solution structure, and can easily form nanoprecipi-
tates and an amorphous phase due to the high mixing entropy
[17]. HEAs have many unique mechanical and electrochemical
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properties that conventional alloys lack. For instance, HEAs have
high strength, high hardness, good oxidation resistance, excellent
corrosion resistance and excellent abrasion resistance. Conse-
quently, HEAs have great potential for practical applications [18].

Considering that BMGs and HEAs both have unique properties
that conventional metals and alloys are unlikely to match and
the fact that an amorphous phase can be easily formed in HEAs,
we believe that the research and development of new types of al-
loys that combine BMG and HEA concepts together would be of
great importance for future novel material studies. In the present
study, the system and composition of Ca20Mg20Zn20Sr20Yb20 alloy
was determined from the prototype ternary Ca65Mg15Zn20 BMG
in accordance with the following strategic alloy designs: (i) HEAs
defined by an equiatomic alloy with five or more elements; (ii)
the exchangeability of the constituent elements with a similar
chemical nature in the periodic table, significant atomic size ratios
above 12% and negative heats of mixing to satisfy the empirical
rules of BMG formation which were first put forward by Inoue
[19]; and (iii) to guarantee the biosafety of biodegradable materi-
als, the constitutional elements should be non-toxic, since all the
elements will enter into the human body. Therefore, strontium
and ytterbium were selected as elements for addition to CaMgZn
alloy in consideration of both their atomic radii matching and
physiological roles.

Strontium, calcium and magnesium are in the same group of
periodic table. The distribution of Sr is similar to Ca, with 99%
of the element being stored in bone [20]. Under normal condi-
tions, the bone strontium/calcium ratio varies between 1:1000
and 1:2000, and the highest concentration is present in newly
formed bone [21]. Strontium can inhibit bone resorption and
stimulate bone formation in both rodents [22] and osteoporotic
patients [23]. Sr-based drug treatments for osteoporosis, such as
Protelos, can reduce the risk of fracture in patients after 1 year
of treatment. In vitro studies have shown that Protelos inhibits
osteoclast activity [24] and stimulates osteoblast proliferation
[25].

The rare earth element ytterbium is chosen mainly in consid-
eration of its BMG forming ability due to its atomic radius and
mixing entropy. Ytterbium has unlimited solubility in calcium
and has been found to be effective in improving corrosion resis-
tance, glass-forming ability and the mechanical properties of
metallic glass [13]. Fluorides of ytterbium have low toxicity and
accumulation, inducing no local irritation of skin and eyes and
not causing intoxication if administered via the stomach [26].
Rare-earth-doped b-NaYF4:Yb, Er up-conversion nanoparticles
can be used in the in vivo imaging, detection and diagnosis of
cancers [27]. 175Yb-labeled hydroxyapatite (HA) particle can be
used as an agent for radiation synovectomy of small-sized joints
[28].

The aim of this study is to introduce the concept of high entropy
into the field of BMGs in the hope of obtaining high-entropy BMGs
(HE-BMGs) with excellent properties. The feasibility of the newly
developed HE-BMGs as biomaterials for orthopedic applications
will be investigated by both in vitro and in vivo evaluations.
2. Materials and methods

2.1. Preparation of materials

CaMgZnSrYb HE-BMGs (CMZSY HE-BMGs), with nominal com-
positions (at.%) of Ca20Mg20Zn20Sr20Yb20, were prepared by the
induction-melting method. The base elements Ca (99%), Mg
(99.9%), Zn (99.9%), Sr (99%) and Yb (99.5%) (Beijing Cuibolin
Non-Ferrous Technology Developing Co., Ltd.) were melted in a
quartz tube under a high vacuum (better than 3.0 � 10�3 Pa) at
900 �C. The melt was then cast into a liquid-nitrogen-cooled cop-
per mould with a cavity of 50 � 5 � 2 mm. The CMZSY HE-BMG
samples were further cut into 5 � 5 � 2 mm plates by a low-speed
precision diamond saw (SYJ-150, MTI) for corrosion and biocom-
patibility tests, with the surface being polished up to 2000# grit.
All the samples were then ultrasonically cleaned in acetone, abso-
lute ethanol and deionized water for 15 min respectively. For the
biocompatibility tests, the samples were sterilized by ultraviolet
radiation for at least 2 h on one side before being turned over for
another 2 h of sterilization.

2.2. Microstructural characterization and composition analysis

An X-ray diffraction (XRD) with a Rigaku DMAX 2400 diffrac-
tometer using Cu Ka radiation at a scan rate of 4� min�1, operated
at 40 kV and 100 mA at room temperature, was employed for the
identification of the amorphous structure of samples. Differential
scanning calorimetry (DSC; Mettler Toledo DSC822e) was per-
formed under a purified argon atmosphere with a constant heating
rate of 20 K min�1 to identify the thermodynamic parameters of
the CMZSY HE-BMG alloys.

2.3. Mechanical tests and density measurement

Uniaxial compression testing was conducted with an Instron
8562 testing machine at a constant nominal strain rate of
1 � 10�4 s�1 at room temperature. Test samples, 2 mm in diameter
and 4 mm in length, were prepared according to ASTM E9-89a
(2000) standards [29], which suggested a length-to-diameter ratio
of 2 for cylindrical specimens.

The density q was measured by Archimedes’ principle in abso-
lute alcohol (P99.9%). The travel time of the ultrasonic waves
propagating through the sample was measured using a MATEC
6600 ultrasonic system with a measuring sensitive of 0.5 ns and
a carrying frequency of 10 MHz. The elastic constants (including
the Young’s modulus E, the shear modulus G and the bulk modulus
K) were derived from the acoustic data and density.

2.4. Immersion test

The immersion test was carried out in Hanks’s solution [30]
(NaCl 8.0 g, CaCl2 0.14 g, KCl 0.4 g, NaHCO3 0.35 g, glucose 1.0 g,
MgCl2�6H2O 0.1 g, Na2HPO4�2H2O 0.06 g, KH2PO4 0.06 g, MgSO4-

�7H2O 0.06 g, dissolved in 1 l of deionized water) according to
ASTM-G31-72 [31]. After different immersion times, the samples
were removed from the Hanks’s solution, gently rinsed with dis-
tilled water and dried at room temperature. The weight was mea-
sured on an electronic balance (Mettler Toledo AL204) with a
measuring sensitivity of 0.1 mg. The pH value of the solution was
also recorded during the immersion tests, using a Lei-ci PHS-3C
pH meter. The surface and cross-sectional morphologies after
immersion were observed by scanning electron microscopy
(SEM; Hitachi S-4800), followed by energy-disperse spectrometer
(EDS) analysis. XRD using a diffractometer with Cu Ka radiation
at a scan rate of 2� min�1, operated at 40 kV and 100 mA at room
temperature, was used to identify the phase composition of the
corrosion product. The amount of hydrogen generated by the
CMZSY HE-BMG was measured in accordance to Ref. [32]; for this,
the sample is placed in a beaker containing the immersion solution
and a measuring cylinder filled with the liquid is placed over it to
collect the hydrogen formed during corrosion of the sample. Induc-
tively coupled plasma atomic emission spectrometry (Leeman,
Profile ICP-AES) was employed to measure the concentrations of
the alloying element ions which had dissolved from the alloy
plates. The prototype ternary Ca65Mg15Zn20 BMG was used as a
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control during the immersion test. An average of three measure-
ments were taken for each group.

2.5. Electrochemical tests

A three-electrode cell was used for electrochemical measure-
ments. The auxiliary electrode was platinum and the reference
electrode was a saturated calomel electrode. The electrochemical
tests were conducted with an electrochemical workstation (CHI
604D) at a temperature of 37 �C in Hanks’s solution. The open cir-
cuit potentials (OCPs) were monitored for 4000 s. Potentiodynamic
polarization tests were carried out at a scanning rate of 1 mV s�1

and the initial potential was about 300 mV below the corrosion po-
tential (Ecorr) after OCP measurements.

2.6. Biocompatibility evaluation

A human osteoblast-like cell line (MG63) was adopted to evalu-
ate the biocompatibility of CMZSY HE-BMG. MG63 cells were cul-
tured in minimum essential medium (MEM), 10% fetal bovine
serum (FBS), 100 U ml�1 penicillin and 100 mg ml�1 streptomycin
at 37 �C in a humidified atmosphere of 5% CO2. The biocompatibility
tests were carried out by indirect contact. Extracts were prepared
using serum-free MEM as the extraction medium with the surface
area of extraction medium ratio 1.25 ml cm�2 in a humidified
atmosphere with 5% CO2 at 37 �C for 72 h. The supernatant fluid
was withdrawn and centrifuged to prepare the extraction medium.
The extraction medium was serially diluted from 100% to 50, 25, 10
and 5% concentration, and refrigerated at 4 �C before the biocom-
patibility test. The control groups involved the use of MEM with
10% FBS as negative controls and 10% dimethylsulfoxide MEM
(10% FBS) as positive controls. Cells were incubated in medium in
96-well cell culture plates at 5 � 104 cells ml�1 and incubated for
24 h to allow attachment. The medium was then replaced with
100 ll of extracts (10% FBS). After incubating the cells in a humid-
ified atmosphere with 5% CO2 at 37 �C for 1, 3 and 5 days, the 96-
well cell culture plates were observed under an inverted phase con-
trast microscope. After that, 10 ll of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma) was added to each
well. The samples were incubated with the MTT for 4 h at 37 �C,
then 100 ll of formazan solubilization solution (10% sodium dode-
cylsulfate in 0.01 M HCl) was added to each well for further incuba-
tion overnight in a humidified atmosphere. The pH value and the
concentrations of alloying element ions in the extraction medium
were measured. Optical density (OD) measurements of the samples
were conducted using a microplate reader (Bio-RAD680) at 570 nm
with a reference wavelength of 630 nm. The cell relative growth
rate (RGR) was calculated according to the following formula:

RGR ¼ ODtest=ODnegative � 100% ð1Þ
2.7. Fluorescent dye

Besides the MTT method, fluorescent dye (LIVE/DEAD Viability/
Cytotoxicity Kit [L-3224], Molecular Probes�, USA) was also ap-
plied to further identify the biocompatibility of the HE-BMG.
Briefly, MG63 cells cultured with and without HE-BMG extracts
were allowed to grow in the 96 wells for 3 days until acceptable
cell densities were obtained. The cells were then washed gently
with Dulbecco’s phosphate-buffered saline (D-PBS) three times
prior to the assay in order to remove any esterase activity, which
can be present in the serum-supplemented growth medium and
could cause an increase in extracellular fluorescence due to the
hydrolysis of calcein AM. After the last wash, 100 ll of D-PBS
was added to each well. After that, an additional 100 ll of fluores-
cent dye working solution containing 2 lM calcein AM was added,
yielding 200 ll of solution per well containing 1 lM calcein AM.
The cultured cells were stained by incubation for 45 min at room
temperature, protected from light. Living cells stained with calce-
in-AM show as a green color under fluorescence microscopy.

2.8. Alkaline phosphatase (ALP) activities

To assay ALP activity, MG63 cells were cultured in 5, 10, 25, 50
and 100% CMZSY HE-BMG extracts respectively for 7 days at an ini-
tial seeding density of 4 � 104 cells per well. ALP activity was eval-
uated as the amount of p-nitrophenol (pNP) produced on
hydrolysis of p-nitrophenyl phosphate (pNPP) in the presence of
ALP as a catalyst. Briefly, 100 ll of 1-step pNPP (Sigma) was added
to each well containing a 100 ll aliquot of supernatant. After
30 min incubation at 37 �C the reaction was terminated by adding
50 ll of 2 M NaOH. The absorbance was measured at 405 nm (Bio-
RAD680). ALP activity results are presented as percentages of the
negative control group.

2.9. Animal tests

Three-month old C57BL/6 mice were used to examine the
in vivo degradation properties of CMZSY HE-BMG rods. In brief,
the mice were anesthetized using ketamine (75 mg kg�1) and xyla-
zine (10 mg kg�1). A tunnel, 0.7 mm in diameter and 5 mm in
length, was created into the medullary cavity along the axis of
the femoral shaft from the distal femur. Sterilized CMZSY
HE-BMG rods, 0.7 mm in diameter and 5 mm in length, were
implanted into the bone tunnels. Created bone tunnels without
implants worked as control groups. After the operation, the mice
were housed in an environmentally controlled animal care labora-
tory. The animal experimental protocol was approved by the Ani-
mal Ethics Committee of the Chinese University of Hong Kong
(No. 10/049/MIS). The in vivo analysis included: (i) X-ray observa-
tion: sequential radiographs of the distal femur were taken (30 kV,
3 s) every week post-operation for general inspection; (ii) in vivo
microcomputerized tomography (micro-CT) (viva CT40, Scanco
Medical AG, Brüttisellen, Switzerland) with a voxel size of 20 lm
was used to scan the distal femurs of mice at weeks 0, 1, 2, 3
and 4 after operation. The change in the CMZSY HE-BMG in the
bone tunnel was measured using our published protocol [33].
Two-dimensional (2-D) images were acquired directly from the
scanning, while the 3-D structure was reconstructed from the vol-
ume of interest, where an optimized threshold was used to isolate
the bone and materials from the background. The density changes
of the CMZSY HE-BMG and the changes of the cortical bone around
the CMZSY HE-BMG were measured on the digitally extracted tis-
sue; and (iii) histological examination: 4 weeks after implantation,
the femora with the CMZSY HE-BMG rods were harvested and pre-
pared for decalcification using 10% buffered formalin acid before
being embedded in paraffin, sectioned longitudinally at a thickness
of 7 lm and stained with hematoxylin and eosin (H&E).

2.10. Statistical analysis

Statistical analysis was conducted with SPSS 17.0. Differences
between groups were analyzed using one-way analysis of variance
followed by Tukey’s test.
3. Results

3.1. Microstructural characterization

Fig. 1(a) shows the XRD patterns of CMZSY HE-BMG. The typical
amorphous features of the CMZSY HE-BMG samples can be



Fig. 1. (a) XRD pattern and (b) DSC measurement curve of CMZSY HE-BMG.
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confirmed by the absence of detectable crystalline diffraction
peaks, together with the broad scattering signals around 30 and
52�, respectively.

Fig. 1(b) shows the corresponding DSC curve of CMZSY HE-
BMG. The glass transition temperature (Tg), the first crystallization
temperature (Tx1) and the supercooled liquid region (DTx), defined
by DTx = Tx1 � Tg, of CMZSY HE-BMG are determined from the DSC
curve and are found to be 357, 390 and 33 K.

3.2. Mechanical properties

Table 1 presents the mechanical properties of CMZSY HE-BMG.
The fracture strength rf for CMZSY HE-BMG is 370.7 ± 25.4 MPa,
which is much higher than that of Ca65Mg15Zn20 BMG (300 MPa)
and cortical bone (130–180 MPa). The Young’s modulus of CMZSY
HE-BMG (19.4 ± 3.4 GPa) is quite close to that of cortical bone (3–
20 GPa).

3.3. Corrosion behavior

Fig. 2 shows the weight loss and pH value changes of CMZSY
HE-BMG compared with its prototype ternary Ca65Mg15Zn20 BMG
(CMZ BMG for short) as a function of immersion time. From the
Table 1
Mechanical properties of CMZSY HE-BMG, Ca65Mg15Zn20 BMG and bone.

Materials Compressive
strength, rf

(MPa)

Young’s
modulus,
E (GPa)

Shear
modulus,
G (GPa)

Bulk
modulus,
K (GPa)

Ca20Mg20Zn20Sr20Yb20 370.7 ± 25.4 19.4 ± 3.4 7.6 ± 1.3 15.0 ± 2.6
Ca65Mg15Zn20 300 [34] 22.3 [34] 10.1 [35] 22.6 [35]
Cortical bone [36] 130–180 3–20 _ _

Fig. 2. (a) Weight loss measurement and (b) pH value change in CMZSY HE-BMG a
figure, it can be seen that the CMZSY HE-BMG has a far lower
degradation rate, and thus a lower pH value, compared with the
prototype CMZ BMG. The average degradation rate calculated from
the weight loss is 0.17 mg cm�2 h�1 for CMZSY HE-BMG and
45 mg cm�2 h�1 for CMZ BMG.

The hydrogen evolutions of CMZSY HE-BMG and CMZ BMG as a
function of immersion time are shown in Fig. 3. Similar to the
weight loss test, the H2 evolution is significantly decreased with
the addition of the elements Sr and Yb to form the high-entrophy
glassy alloy, the results showing the average hydrogen evolution
rates of CMZSY HE-BMG and CMZ BMG to be 0.02 and 48 ml cm�2

h�1, respectively.
Fig. 4 shows the SEM micrographs and EDS analysis of the sam-

ple surface after the immersion test in Hanks’s solution for 72 h.
The surface of the CMZSY HE-BMG after the immersion test re-
mains flat and is still relatively whole, though some corrosion
products have precipitated onto it. Further EDS analysis showed
the presence of oxygen, calcium, phosphorus, carbon, magnesium
and strontium on the surface. The EDS analysis results demonstrate
that the ratio of Ca/P is 1.40 whilst that of (Ca + Sr)/P is 1.64.

In order to confirm the phase composition of the corrosion
products, XRD structure and phase analysis was employed; the
XRD pattern is shown in Fig. 5. From the XRD analysis results,
we can see that the corrosion products of CMZSY HE-BMG consist
of HA, strontium apatite (Sr-HA), calcium strontium carbonate
[(Sr,Ca)CO3] and calcium strontium magnesium phosphate
[(Ca,Sr)2Mg(PO4)2�H2O].

Fig. 6 shows the cross-sectional SEM image and the correspond-
ing EDX maps of the post-immersion CMZSY HE-BMG. Three dis-
tinct layers can be observed in the cross-sectional SEM image.
The outermost layer consists mainly of Ca, Sr, C and P, representing
the corrosion products deposited on the CMZSY HE-BMG. The
nd CMZ BMG samples as a function of the immersion time in Hanks’s solution.



Fig. 3. Hydrogen evolution volumes of CMZSY HE-BMG and CMZ BMG samples as a
function of the immersion time in Hanks’s solution. Fig. 5. XRD patterns corresponding to the corrosion products of HE-BMG.
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transition layer between the HE-BMG substrate and the precipi-
tated layer shows a significant drop in Sr content and some of
the Ca has dissolved. The inner layer is the uncorroded HE-BMG
substrate. In contrast, the nobler elements Mg, Zn and Yb remain
in the transition layer, together with a significant amount of oxy-
gen, indicating that the compositions of the transition layer may
consist of magnesium oxide, zinc oxide and ytterbium oxide.

The open circuit potentials of CMZSY HE-BMG in Hanks’s solu-
tion were recorded for 3000 s. Their evolution with time is shown
in Fig. 7(a). During the initial 800 s of immersion time, the open
circuit potential (Eocp) of the alloy increases with time, indicating
the precipitation of a protective surface film [37,38]. After 800 s
of immersion, the Eocp of the alloy achieves a relatively stable va-
lue. The electrochemical polarization curve of CMZSY HE-BMG in
Hanks’s solution is shown in Fig. 7(b). The corrosion current den-
sity calculated from the Tafel plot was 9.16 lA cm�2. Due to the
fast degradation rate of CMZ BMG, we could not obtain a stable
OCP curve and hence did not conduct a Tafel plot.

3.4. Ion release

Fig. 8 shows the ion concentrations in Hanks’s solution after the
immersion period of 72 h. The pre-existing Mg and Ca ion levels in
the Hanks’s solution were subtracted from the plotted ICP data. It
can be seen in Fig. 8 that the ions released into solution are mainly
Ca, Mg and Sr, while the Zn and Yb ion levels are quite low.

3.5. Biocompatibility test

Fig. 9(a) and (b) shows the ion concentrations and pH value of the
extraction medium used for biocompatibility test. The pre-existing
Mg and Ca ion concentrations in the MEM solution were subtracted
Fig. 4. (a) Surface morphology and (b) EDS spectrum of the corrosion products of
beforehand in Fig. 9(a). The extraction medium has high concentra-
tions of Ca, Mg and Sr but low concentrations of Zn and Yb, similar to
the ion concentrations released into the Hanks’s solution. The pH va-
lue increased with the extraction concentration and the pH value of
the 100% CMZSY HE-BMG extract was about 8.5.

The MG63 cell viability and ALP activity cultured in 100, 50, 25,
10 and 5% CMZSY HE-BMG extraction medium for 1, 3 and 5 days
are shown in Fig. 9(c) and (d). It can be seen that cells cultured in
the CMZSY HE-BMG extract showed significantly higher cell viabil-
ity and ALP activity than the control group, indicating that it could
promote the proliferation and differentiation of osteoblasts.

Fig. 10 presents images of fluorescently dyed MG63 cells cul-
tured in series of CMZSY HE-BMG extracts and negative control
groups. Healthy morphologies of MG63 cells, whether polygon or
spindle, were the well spread and extended MG63 cells showed
polygonal or spindle shapes and had filopodia while pooly spread
cells showed rounded shape without filopodia. At lower concentra-
tions (5%, 10% and 25%), the pH values are similar to the negative
control group (P > 0.05), thus the higher cell proliferation was
caused by the positive effect of the metal ions (Ca, Mg, Sr, Zn).
However, the 100% HE-BMG extracts did not exhibit much higher
cell proliferations than the negative control group and showed
obvious decreased cell proliferation compared with the 10% and
25% extracts, which may be attributed to the higher pH value com-
pared with the lower concentration extracts (10% and 25%) (P <
0.05) and the negative control group (P < 0.05).

3.6. Animal tests

3.6.1. X-ray observation
Fig. 11 shows the radiographs of distal femora with and without

implantation of CMZSY HE-BMG at 0, 1, 2, 3 and 4 weeks. The
CMZSY HE-BMG after being immersed in Hanks’s solution at 37 �C for 72 h.



Fig. 6. SEM micrograph (a) and EDX maps (b) from the cross-section of HE-BMG after immersion in Hanks’s solution for 3 days.
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figure indicates that CMZSY HE-BMG rods do not degrade much
during the whole experiment period, as evidenced by there being
no obvious reduction in the diameter of the rods. If a material de-
grades rapidly in vivo, the large amount of hydrogen gas generated
in a short period will not be able to be absorbed or diffused com-
pletely, so will show up in the X-ray radiographs as a gas shadow
[39,40]. In the present study, due to the relatively slow degradation
rate in vivo, no gas shadow was observed around the rods. With
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increasing time after implantation, the CMZSY HE-BMG rods re-
tained their original shape under X-ray observation. The radio-
graphs show that all the CMZSY HE-BMG rods were well
positioned (meaning that the HE-BMG rods can be seen clearly, indi-
cating their excellent radiopacity) in the distal femora and no translu-
cence was found around the metal alloy. There was no obvious
inflammation around the CMZSY HE-BMG rods and no mice died
post-operation. Interestingly, although there was no evidence of
obvious degradation during the whole experiment period, a perios-
teal reaction was observed around the CMZSY HE-BMG rods at 2, 3
and 4 weeks, showing as circumferential osteogenesis, i.e. the cor-
tical bone around the rods became thicker than that in the control
bone groups (yellow arrows in Fig. 11), indicating the formation of
new bone.
Fig. 8. Ion concentrations released into Hanks’s solution. n = 3; the error bar
represents the standard deviation.
3.6.2. Micro-CT observation
Fig. 12 shows 2-D and 3-D images of a representative mouse fe-

mur with an intramedullary CMZSY HE-BMG implant scanned
in vivo at different post-implantation time points. In the 3-D mi-
cro-CT reconstruction of the mouse distal femur and the 2-D tomo-
graphs of cross-sections, less degradation of the CMZSY HE-BMG
can be seen, no degraded debris was found around the metal alloy
rods and new bone formation was observed during the 4 week
implantation period. The peri-implant cortical bone thickness of
the CMZSY HE-BMG implantation group was significantly higher
than that of the non-implanted control from 1 week post-surgery
(⁄p < 0.05 and ⁄⁄p < 0.01) and the bone thickness increased with
increasing implantation period (yellow arrows in Fig. 12).

From the 2-D and 3-D images, we can calculate the bone thick-
ness. The results are shown in Fig. 13. This demonstrates that the
average thickness of the peri-implant cortical bone is 563 ± 70 lm
at week 4, which is significantly higher than that of the non-im-
planted control group (249 ± 24 lm).
3.6.3. Histological analysis
Fig. 14 shows the histology of cross-sections of the distal femora

and diaphyseal region of the mice. No inflammation or osteonecro-
sis was found at the bone area around the implants. The histolog-
ical observations at 4 weeks after implantation show that the bone
thickness around the implanted CMZSY HE-BMG is greater than
that of normal bone (yellow arrows in Fig. 14), which is consistent
with the radiographs and micro-CT results. The new bone at the in-
ner edge of the cortical bone can be clearly observed (black arrows
in Fig. 14). There is no new bone formation around the wound area
where no implants were embedded in the control groups.
Fig. 7. (a) OCP curve and (b) potentiodynamic polarization cu
4. Discussion

HE-BMGs, relative newcomers to the world of metallic glasses,
with a maximum degree of disorder, have unique properties that
are unlike those of conventional alloys. According to the formula
for free energy (G = H – TS, G = free energy; H = enthalpy; T = abso-
lute temperature (K); S = entropy) and Boltzmann’s hypothesis be-
tween the entropy and the complexity of the system, high mixing
entropy can significantly lower the free energy, thus lowering the
tendency to order and segregate. On the other hand, high mixing
entropy relaxes the constraints set by the Hume–Rothery rule
between two elements, thus promoting mutual effects among
multi-principal elements and making the alloys more stable [41].
HE-BMGs are not only of fundamental interest but can be used in
practical applications, their mechanical properties and corrosion
behavior being of particular interest for biomedical applications.

From the above results, it can be seen that the CMZSY HE-BMG
showed better mechanical behavior and corrosion resistance than
its prototype ternary Ca65Mg15Zn20 BMG. The reason for this can
be ascribed to the cocktail effects of HEAs. The cocktail effects refer
to the ideal mixing and inevitably greater number of interactions
between the multi-principal elements, thus enhancing the bonding
between the alloying elements [42]. The cocktail effects result in
an atomic-scale composite effect on properties wherein the inter-
actions between the different elements themselves play an impor-
tant role [43]. Besides the cocktail effects of HEAs, the alloying
elements Sr and Yb also enhance the mechanical behavior and cor-
rosion resistance of CMZSY HE-BMG. Previous studies demon-
strated that the Sr and Yb additions could obviously increase the
strength and enhance the resistance to corrosion of Mg-based al-
loys [44,45] and Al-based alloys [46,47].
rve of electrochemical measurement in Hanks’s solution.



Fig. 9. (a) Ion concentrations of CMZSY HE-BMG released into MEM solution, (b) pH value change for the different concentration gradients of the CMZSY HE-BMG extracts, (c)
MG63 cell viability cultured in the different concentration gradients of the CMZSY HE-BMG extracts and (d) ALP activity of MG63 cells cultured in the different concentration
gradients of the CMZSY HE-BMG extracts. The error bar represents the standard deviation. n = 5; ⁄p < 0.05, ⁄⁄p < 0.01.

Fig. 10. Cell staining at 3 days in the negative control group and in cells cultured in series of HE-BMG extracts. (a) Negative control group; (b) 5% HE-BMG extract; (c) 10% HE-
BMG extract; (d) 25% HE-BMG extract; (e) 50% HE-BMG extract; (f) 100% HE-BMG extract. 200�; the scale bar represents 100 lm.
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In the design of BMGs, the ‘‘confusion principle’’ is widely ac-
cepted: the more the elements involved, the greater the chaos,
the greater the chance of glass formation and the greater the like-
lihood of special properties. The reason why so few attempts have
been made to exploit this idea and analyze the thermodynamics
and kinetics of the most disordered HE-BMG alloys fully is that
the more the elements, the greater the disorder and the more dif-
ficult the analysis [48].
4.1. Comparison of the mechanical properties of CMZSY HE-BMG with
as-reported biodegradable BMGs

Mechanical properties are important aspects of biomaterials.
Generally speaking, high strength and low elastic modulus are
required for biomedical metals used in orthopedic applications.
The high strength may improve the capacity of the material for
load-bearing applications; the low elastic modulus can avoid



Fig. 11. Radiographs of mice distal femora with and without CMZSY HE-BMG rod implants for 0, 1, 2, 3 and 4 weeks of implantation.
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problems of stress shielding, which could lead to the loosening and
failure of a bone implant [49].

Fig. 15(a) presents a comparison of the mechanical properties of
previously reported biodegradable BMGs and cortical bone with
the present CMZSY HE-BMG. The CMZSY HE-BMG shows a higher
compression strength than that of Ca65Mg15Zn20 BMG and cortical
bone but a lower one than that of Mg–Zn–Ca BMGs and Zn38Ca32-

Mg12Yb18 BMG. The different mechanical properties of the CMZSY
HE-BMG and the other biodegradable BMGs can be attributed to
the differences in their chemical composition and the intrinsic lo-
cal atomic scale structure.
4.2. Comparison of the corrosion behavior of CMZSY HE-BMG with as-
reported biodegradable BMGs

Because of the large mixing entropy, CMZSY HE-BMG tends to
be more stable than its prototype CMZ BMG [18]. The cross-section
analysis, combined with XRD phase analysis, indicates the forma-
tion of a protective zinc oxide and ytterbium oxide intermediate
layer, with HA, Sr-HA and other carbonates and phosphates precip-
itated on the outside layer. The formation of Sr-HA was found to
decrease the corrosion rate of Mg–0.5Sr [50] and to improve the
bioactivity and biocorrosion resistance of titanium alloys [51].
However, a previous study of Ca–Mg–Zn BMG demonstrated that
the corrosion layer was porous corroded calcium oxide, without
HA or other phosphate being deposited [10].

As can be seen from Fig. 15(b), the CMZSY HE-BMG shows a re-
duced degradation rate compared to Ca65Mg15Zn20 and Sr40Mg20-

Zn15Yb20Cu5 BMGs, but a slightly higher rate than Mg–Zn–Ca and
Zn38Ca32Mg12Yb18 BMGs. There are two reasons for this: first, it
can be attributed to the chemical composition; and secondly, the
formation of a unique high-entropy atomic structure also plays
an essential role in the corrosion behavior.

However, due to the complex composition and structure of HE-
BMG, the precise mechanisms of how structure and composition
affect the mechanical and corrosion behavior at the fundamental
level are not well understood yet and need to be further explored.
4.3. In vitro and in vivo biocompatibility of CMZSY HE-BMG

In the in vitro cellular test, we found increased cell proliferation
and differentiation of MG63 osteoblasts cultured in CMZSY HE-
BMG extracts. In the in vivo tests, we observed a significantly high-
er cortical bone thickness as well as newly formed endosteal bone
around the CMZSY HE-BMG compared with the control group. The
excellent biocompatibility can be attributed to two main factors.
First, the physiological roles play by the alloying elements and
their combined effects.



Fig. 12. (a) 2-D and (b) 3-D images of a representative mouse femur with an intramedullary CMZSY HE-BMG implant scanned in vivo at 0, 1, 2, 3 and 4 weeks of implantation.
Scale bar = 1.0 mm.

Fig. 13. Cortical bone thickness in the as-rolled CMZSY HE-BMG group and the
empty tunnel control group at different implantation intervals. The error bar
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(i) Calcium is the most abundant cation in humans. The total
body content averages about 25,000 mmol, or 1 kg, in a
70 kg man, virtually all of it occurring in bone [52].

(ii) Magnesium is essential to human metabolism and is natu-
rally found in bone tissue. It is the fourth most abundant cat-
ion in the human body, with an estimated 1000 mmol of
magnesium stored in the body of a normal 70 kg adult, with
approximately half of it present in bone tissue. Magnesium
is a co-factor for many enzymes, and stabilizes the struc-
tures of DNA and RNA [36]. The correct quantity of magne-
sium is essential for maintaining the strength of bone.
Intake of magnesium increases the bone density, and is
important for keeping and remodeling the strength and
structure of the bone; it also may prevent a decrease in bone
quantity in post-menopausal women and in old people in
general [53].

(iii) Zinc is one of the most abundant nutritionally essential ele-
ments in the human body. It has been found in all body tis-
sues, with 85% of the total in muscle and bone, 11% in the
skin and the liver, and the remainder in all the other tissues.
In multicellular organisms, virtually all zinc is intracellular,
with 30–40% located in the nucleus, 50% in the cytoplasm,
organelles and specialized vesicles (for digestive enzymes
or hormone storage), and the remainder in the cell mem-
brane [54]. Zinc ions are a constituent of more than 200
enzymes. Zinc deficiency causes a marked decline in immu-
nological competence. Zinc ion affects T-cell activation, act-
ing as a mitogen [55].

(iv) Strontium has an affinity for bone and is incorporated into it
by surface exchange and ionic substitution. Strontium salts
have been found to stimulate bone formation and inhibit
bone resorption both in vitro and in vivo [56]. Local delivery
of strontium with HA in cement has been shown to induce
new bone formation and is effective in reducing the risk of
fracture in osteoporosis [57]. The drug strontium ranelate
has been shown to reduce the incidence of fractures in oste-
oporotic patients [58,59]. Strontium is present in the min-
eral phase of bone, especially in the regions of high
metabolic turnover [60]. In vitro, it increases the number
of osteoblasts and reduces the number and activity of osteo-
clasts [61]; in vivo, it inhibits bone resorption and improves
bone formation [62].

(v) Nanoparticles labeled with Yb are widely used in the in vivo
imaging, detection, diagnosis and radiotherapy of cancers
[27,28].

On the other hand, the formation of HA and Sr-HA is a key
advantage for the CMZSY HE-BMG as biodegradable implant.

HA has the ability to bond directly to bone tissue without an
intervening fibrous layer based on the chemical resemblance of
represents the standard deviation. n = 6; ⁄p < 0.05, ⁄⁄p < 0.01.



Fig. 14. Histological observation of cortical bone by light microscopy with H&E staining. (a, c) Normal bone and the bone marrow cavity; (b, d) CMZSY HE-BMG rod in the
femur of a mouse 4 weeks after implantation.

Fig. 15. Comparison of (a) the mechanical properties and (b) the corrosion behavior between CMZSY HE-BMG and the as-reported biodegradable BMGs [12,14,15,34].
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HA to bone minerals and it plays an important role in bone forma-
tion and the normal functions of bone tissue [63].

It is well known that Sr-HA has better thermal stability, biocom-
patibility and surface activity compared with pure HA [64]. Previ-
ous in vitro and in vivo studies have shown that Sr-HA promotes
osteoblast response and stimulates new bone formation [65].

To sum up, CMZSY HE-BMG has excellent mechanical properties
and could stimulate bone formation. It therefore shows great
potential for the prevention and cure of osteoporosis and fracture.
This new kind of BMG alloy, with a large amount of disorder, may
herald a new era of BMGs in biomedical applications.

As the research of HE-BMGs is still in its infancy, many new HE-
BMGs are still unexploited and their mechanisms need to be ex-
plored and studied much more deeply in future research work.
6. Conclusions

In this study, CMZSY HE-BMG was prepared and investigated
in vitro and in vivo as a biodegradable metallic material. The fol-
lowing conclusions can be drawn.

(1) The CMZSY HE-BMG showed higher compression
strength than the previously reported prototype ternary
CMZ BMG and has a similar Young’s modulus to cortical
bone.

(2) By adding the alloying elements Sr and Yb to the prototype
ternary CMZ BMG, a new kind of BMG, i.e. a high-entropy
BMG (CMZSY HE-BMG), has been created which has much
better corrosion resistance.
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(3) In vitro tests showed that CMZSY HE-BMG samples could
stimulate the proliferation and differentiation of cultured
osteoblasts.

(4) In vivo tests showed that, although the CMZSY HE-BMG
samples did not show any obvious degradation after 4 weeks
of implantation, they can promote osteogenesis and new
bone formation rapidly, after just 2 weeks of implantation.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2, 3, 5, 6, 8–15,
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at http://dx.doi.org/10.1016/
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