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Abstract: Magnesium alloys have attracted increasing attention as new biodegradable metal materials and have been
widely researched in recent years. The development of magnesium alloys has been reviewed from four aspects: engineering
Mg alloy, newly designed Mg alloy, surface modified Mg alloy, and Mg alloy with novel structure. The investigated results
in alloy design, mechanical property, corrosion property, cytotoxicity, and animal test have been systematically introduced
and summarized. Finally, the unsolved scientific problems of biodegradable magnesium alloys and their possible applica-
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tions are proposed.
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Table 1
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Collection of various published results of current investigated biomedical magnesium alloys

Research methods

Alloys( tested media/subjects)

Results

In vitro Immersion or
test electrochemical
test in simula-

ted body fluid

Cell culture

In vitro Animal

test test( bone)

CP Mg (Hank’s solution)
CP Mg ( Hank’s solution)
CP Mg (Hank’s solution)

AZ31B (Hank’s solution)

WE43 (NaCl, NaCl + CaCl,, NaCl + K,HPO, ,
m-SBF, m-SBF + Albumin Solution)
A791Ca( m-SBF)

AZ91 (SBF +BSA)

Mg -1Ca, Mg-2Ca, Mg-3Ca(SBF)
CP Mg(SBF/SBF +Cl ™)
CP Mg (Marrow cells)

A791D, AZ91D -HAcomposite( Human bone
derived cells/ MG-63 cells/ RAW 264. 7 cells)

Mg-Mn-Zn (1929, MC3T3-El cell)
Mg-1Ca( 1929 cell)

CP Mg, AZ21, Mg-0.5Ca, Mg-0.8Ca
( Rat stromal cell )

Mg-1X( X = Al, Ag, In, Mn, Si, Sn, Y,
Zn, Zr) (1929, NIH3T3, MC3T3-El,
ECV304, VSMC)

AZ31, AZ91, WE43, LAE442(guinea pig)
AZ31(sheep), AZ31B(rabbit)

AZ91D, LAE442( guinea pig)

Mg-Mn-Zn ( rat)

Mg-1Ca( rabbit)

AZ91D scaffold ( rabbit)

The corrosion rate decreased with increasing incubation period
MgO film formed during heat treatment reduced corrosion rate

Techniques, such as high purity, processing history and
heat treatment, reduced the corrosion rate

Processing history and heat treatment improved the mechanical
property and corrosion resistance of AZ31B
The alloy corroded faster in m-SBF than NaCl solution

Alloying with Ca could improve the corrosion resistance and
pitting corrosion resistance of AZ91

The addition of BSA could increase the OCP value and
suppress corrosion

The corrosion rate decreased with increasing Ca content
Mg corroded faster in SBF containing Cl~

No cytotoxicity

Three kinds of cells could adhere and proliferate on the
surface of the composite

Grade O cytotoxicity

No cytotoxicity

AZ21 and Mg-0. 5Ca showed better cytocompatibility

Mg-1Al, Mg-1Sn, Mg-1Zn showed no toxicity to 1L-929,
NIH3T3 and MC3T3-E1; Mg-1Al, Mg-1Zn showed no
toxicity to ECV304 and VSMC

Corrosion layer, composed of mainly Ca, P, is indirect contact
with surrounding bone, showing high mineral apposition rate

2 weeks, callus formation; 8 weeks, mature bone tissue and
degradation did not influence the stability of fracture fixation

The in vivo corrosion was four orders of magnitude lower
than the in vitro corrosion and the in vitro and in vivo results
showed opposite tendency

54% implant degraded 18 weeks post-operation and Mn,
Zn homogeneously distributed in the residual implant, the
degradation layer and surrounding bone tissue

The implant totally degraded 3 months post-operation and

new bone formation was seen around the implant with no significant
increased serum Mg

Major scaffold degradation was completed within 3 months
andhigher bone mass as well as mature trabecular bone structure
wasseen compared with the control

Animal AE21stent( coronary artery of pigs) 50% mass lost 6 months post-operation and the degradationrate was
test( blood linear related to time 4 weeks post-operation, the minimal lumen
vessel ) diameter is higher than the stainless steel group
WE43 biotronik stent( coronary artery of pigs) The stent kept intact 3 days post-operation and no sign of corrosion
AMS( coronary artery of pigs) found after 28 days; neointima formation is less than stainless steel
group 28 days and 3 months post-operation
Human WE43 biotronik stent (20 patients with average No allergic or toxic reactions to the stent
clinicaltest age of 76 for critical lower limb ischemia)
(bloc]vc)l Biotronik stent( left pulmonary artery of a baby) Reperfusion of the left lung was established and persisted
vesse

throughout the 4-month follow-up period

AMS ( 63 coronary artery, 8 centers and 12 No myocardial infarction, subacute or late thrombosis,

months follow-up) or death occurred.
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Fig. 1  Subcutaneous gas bubbles observed on postoperative radio-

graphs for 4 weeks during magnesium implant degradation
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Fig. 2 Flouroscopic images of cross-sections of a degradable polymer

(a)and a magnesium rod (b) performed 10 mm below the

trochanter major in a guinea pig femur. Both specimens were

harvested 18 weeks postoperatively. In vivo staining of newly

formed bone by calcein green: 1 — implant residual; P -

periosteal bone formation; E - endosteal bone formation

(a) (b)

B3 AZ91D(a) fl LAE442 (b) 8644 1R A 1M 18 J8 =4k &
RS
Fig.3 Three-dimensional reconstruction of remaining magnesium
alloy( dark) segmented from the bone matrix ( grey ) by
voxel growing method: (a)AZ91D and (b) LAE442
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Fig. 4 Complete occlusion of the left pulmonary artery after debanding and closure of the arterial duct with a clip ( the device with three markers is for

calibration purposes: (a) After crossing the stenosis with a guidewire, angiography revealed reperfusion; (b)Implantation procedure with a

contrast-filled balloon catheter; ( c¢)Immediately after implantation, only minimal perfusion of the left upper lobe artery was detectable by

angiography. The left lower lobe artery was still completely occluded at 4 mm distal to the stent. Both ends of the stent are marked by

arrows. The asterix marks some extravascular contrast agent; (d) At 1-week follow-up, the left lung was reperfused; (e)and at latest

follow-up (33rd day after stent implantation; (f) after the circumferential integrity of the stent had resolved, left lung perfusion persisted with

a curved course within the stented area
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Fig. 5 Element mapping analysis on a cross-section of Mg-Mn-Zn implant after 18 weeks postimplantation: Back scattered

image (a) and distribution pattern of Mg (b), P(¢), Zn (d), Mn (e), and Ca (f)

Gu ™ BFFE T 9 B TIULEEA & (Mg-Al, Mg-Ag,
Mg-In, Mg-Mn, Mg-Si, Mg-Sn, Mg-Y, Mg-Zn F1 Mg-
Ze) AR BE R T R A PR RE LA S AR A A DT
ZE LR B, Mg-1A1, Mg-1Sn 1 Mg-1Zn X} i £F 4 41 ity
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Fig. 6 SEM images of platelets adhering to as-cast and as-rolled pure

Mg and Mg-1Sn alloy samples, and platelet morphologies had

been found for other Mg-1X alloy (X = Al, Ag, In, Mn,

Si, Y, Zn and Zr) samples similar to that of Mg-1Sn

alloy samples

P18 50 R 19 22 A 0 L T i R A ] 9 A6 60 2 BE 1) 15
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36 Hh R R 2

30 %

240 M RE AR S s A RHR AR ON HUVECGs BUA R4 20
AL, WAASE A, Mg-Y-Zn & EfERNE S
Fefie, JFHICRR AR, BA RAF B A
5 WE43 & &M, Mg-Y-Zn &4 BA ELH 1)) 1%
AE, AR Oy A SR S T3, i AR
Btk
2.3 BEIREHERESEASSILE MIEENES

F2 M T ANRIBES SRS A 114 15 ok 5 A

Jig T 2300 0) g 0 i B AT 0L, H
RIERIFIR) Mg 45 4 o 24 47 76 J5 fohosle B 3 Bl i 1), LR
AR T AR E ™ SEEESSER
TR A B R ABRE, R B — 4 B0 2 v LT o
PERE, DRI A 0 BRHRIF 5 25 35 5 ) 3 T O 4 7 1 A
BB A 1O T ot

Al-Abdullat "' Fi| Ff] NaHCO, 831 1) 75 3 3 11 i 1 4l
Mg, 7E4li Mg it MgCO,, & HBSS # i 25 C 7

K2 FE Mg &S AEEBMER T A0 P4 5 o P o8

Table 2 Collection of in vitro and in vivo corrosion rate of various Mg alloys

In vitro corrosion rate

In vivo
Electrochemical test/pwA + cm ~2 Immersion test/mg + cm "2 + h ™! corrosion
Allor Hank’s Hank’s rate
0. 9% NaCl solution SBF m-SBF 0. 9% NaCl colution SBF m-SBF /mg+cem™? - a”!
Mg(99.95% ) — 15.98 86. 06 — — 0.011 0.038 — —
AZ31 34.10 31.60 — — — 0. 0065 — — 1.17
A791 22.56 — — 65.70 — 0.0028 — — 1.38
WE43 27.30 30. 60 16. 03 — — — 0. 085 — 1.56
ZFA1 — — — — — 0. 0626 — — —
LAE442 — — — — — — — — 0.39
AZ91Ca — — — 17. 80 — — — — —
AZ61Ca — — — 36. 50 — — — — —
Mg-Mn-Zn/ cast — 1.45 -1.60 — — — 0.003 -0.010 — — —
Mg-Mn-Zn/extruded — — 79.17 — — — 0.05 — 0.92
Mg-Ca/ cast — — 546. 09 — — — 0. 136 — 2.28
Mg-Ca/extruded — — 75. 65 — — — 0. 040 — —

7S d, TR, Li Xl Mg 47 R B4k B
KIAE NaHCO,-MgCO, R 24 h, SRJ5 773 K $uib 3
10 hJ5, 2l Mg HAg RLAFAY TR B b AE 7, £E SBF HiiZ i
14 d TRk (18 7)), KESh TR BB IRAS ; 40 M 75
PS5 5 e W] Bl Ak BT 4l Mg TE 40 i 35 G
L AR % (Na,CO,, Na,HPO, il NaHCO, ¥ ¥ 15 10
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Specific Mass Loss/%
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Soaking Time, t/d
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Fig. 7 The specific mass gain of samples vs.

1 - %1

soaking time; 1 —
control samples; 2 — alkali-treated samples; 3 — alkali and

heat-treated samples
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3 months 6 months

Autologous Transplant

Mg-Scaffold

K8 ARJE3. 6 HBEMEBHYEZA Mg & & S RBAH AL
BeE M) g s R
Fig. 8 The von Kossa technique demonstrates calcium deposits and
is therefore a good marker for mineralized bone tissue. Lon-
gitudinal sections through condyles clearly show the well in-
corporated autologous transplants both after 3 months (a)
and after 6 months (b) ; black arrows in (a)and (b)mark
the cartilagenous surface of the reverse transplants). Also,
the magnesium implant sites including the residues of the
corrosion products can be well seen after 3 months ( ¢) and

after 6 months (d)

Witte " FI A 7K 1 42 95 il % AZ91D/HA 52 & b1kt
WFFE B, ALE P HA 0B RSE A2 45 ) 2 A
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RAW264. 7, ‘F R 40 MG-63 . AH 40 g HBDC 1]
TESR AR R F BN FIEEE . Zheng 7 FIMYA 1A 42 75 11
# Mg/Ca 5 A BARE, Mg/Ca 52 45 BRI HLHL 3R 1 Fl 4E
fZREE Ca & EIGINMIREAR, Mg/1Ca A KIFH )%
PERE . T I PP RE LA S AN REYE, 7F DMEM HiZ372 h
& HFE T JE o e M) 33 ok CaCO,, MgCO, - 3H,0, HA
1 Mg(OH), .

Gu' " 5T T Mg-Zn-Ca KBRAR i 5 42 1 A 7] [ e 2
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SR TR I Ve A, SR8 A SR, L R
L), R HAE M RE, 3Okt TR TR
BT — 25 Zn (RS, AT LUE BT iR A
VB VBRI L 1 9 40 ML % 9% 4 R Mg66Zn30Cad -l i X
1929 il MG63 JCZ0 M 74tk , 400 it 7 1 2 T K B 2 K L
U, Mg-Zn-Ca AF 5 1A YA A S2 86 875, % 3E 5T L&
EARH A AOROR B, SMAN Mg 54, Rk
HA R HA A’ 9) 7™,

K9 Mg60Zn35CaS (a, ) M Mg & 45 A (WZ221)
(b, HMARBEIBILAI27 d (a, b)FI91 d(c, d)HHA
A

Fig. 9  Animal studies of Mg-based glass in comparison with a crys-

talline Mg alloy reference sample (a ~ d). Glassy alloy
Mg60Zn35Ca5 (a, c¢) and crystalline Mg alloy reference
(WZ21) (b, d) in two types of porcine abdominal tissue
('muscle after 27 days (a, b) and subcutis after 91 days

(c,d) of implantation)
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Table 3 Mechanical properties of different tissues and biomedical Mg alloys

Tisue/Material—densiy/ - em 2 0 by eGP aenth/p Plongaion %

Cortical bone 1.8~2.0 164 ~240 35 ~283 5~23 104.9 ~114.3 1.07 ~2.10
Cancellous bone 1.0~1.4 — 1.5~38 10 ~1 570( MPa) — —
Arterial wall — — 0.50 ~1.72 1(MPa) — —
Ti6 Al4V 4.43 — 830 ~1 025 114 760 ~ 880 12
Synthetic HA 3.05~3.15 100 ~900 40 ~200 70 ~ 120 — —

DL-PLA — — 29 ~35 1.9~2.4 — —

Mg/ cast 1.74 — 86.8 £2.5 41 20.9 £2.3 13+1.4
AZ91D/die cast 1.81 160 230 45 150 3
AZ31/extruded 1.78 60 ~70 235 45 125 -135 7

LAE442 — — 247 — 148 18

WE43/extruded TS 1. 84 280 44 195 10
AM60B/die cast 1.78 130 220 45 6~8

Mg-Zn-Mn/ extruded — — 280.3 0.9 — 246.5 4.5 21.8£0.6
Mg-1Ca/extruded — — 239.6 +7.2 — 135.6 +5.4 10.6 0.6

3.3 H£HERY

VT AR M AR IR, Mg B4 A & 4 ik
TER LA AT HEANNR T, A2 A 1 40 % 1
HAYMAEEREE, £4 84T HEEWER Mg &
S A ST R e B R 7T S
F2, ¥4 Mg-Ca 44 968 1o B B K 0. 136 mg/em” -
h, £ A TR N mg 92, GE(%T Mg 1l Ca i 1 ifif
Zhk . HARNHA SR B8 8 5 Me-1Ca &L Y%
PERAF, HIAJE 1, 2, 3 A H SARRFIME Mg & 8
FXERT . Mg e Ca gl — A BT 2% (i
SR TR, Zn Fik— AR 6% , 7 WX b AR
AP PRI, BV Mg A4 i i 2 0 0. 2 mg/em” -« h
(4.8 mg/em’ + d), HBLHITE, 4 H Cafl Zn 1%
KB 0. 288 mg/em® F1 0. 096 mg/cm”, A 4x
HiE A3z . Mg &4 Mo &80 1. 5% iiif b vk %
O, iR B e R R Y B, 48 H
Mn {4 5 K BT i 0. 072 mg/em®, LA F H iiif 52 5
Ca, Zn Ml Mn B AMKLFEICE, #EA KIS Al (3 0
hoh, BifER Mg & A St EME k. Si2 Ak
ATRERY L TE K, SR RETE R AL R R A 5

7 ELR A B RN 1% B Si-Mg A 4x i I e
BETH, ZIEASSMMBE/N, BARSEmMILEY
FIAME, WO Si & WAl 1E R A Y EF Mg & 4
Y B9

Li, ALFIZr GERE Mg EMEE SR, @
it Mg & 408 A FOBR RO 0 2 B Y ML AE mg RS, R
S Hi 2/, IF H LAE442 Fl AZ91 A P9 A A 5K
¥ BRI PR Mg A4 10 WM A e (AR
ZEF) Li f Al BB, —HEMA Mg &
SENGEMTCE LT ROFT S Zr & Mg 44
hIA ST R, HE Rt 0.8% , HIEW
WE, ATIA Mg 54 404k R k3% Mg & 4 1 2 R g
IR JE5 b A A

Y AR e R RAE AR — 2, B Ik A
% BT, B TR L. HATHA
I RS2 B0 AMS Se 20 BE 5 A 10% 9 Lot %, H3h
Y SEIG R R SC 30 75 8] RIG45 1. Y FIfs oo R bR
Mg A4 hik 3 Mg A 4 712 PERE AN i e R JE 3 T 32
MG, WL+ Mg & 400 4 P A0 25 1k 2 ik —
BT
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Table 4 The summary of the pathophysiology and toxicology of Mg and some alloying elements
Blood serum . . Daily
Element lovel Pathophysiology Toxicology allowance
Essential Mg 0.9 mM Activator of many enzymes; Co-regulator of pro-  Almost no evidence indicates 0.7¢
element tein synthesis and muscle contraction; Stabilizer toxicity of magnesium
of DNA and RNA
Ca 1.3 mM Most abundant mineral and mainly stored in bone  Calcium metabolism disorder; 0.8¢
and teeth; Participation blood clotting; Activator  kidney stones
or stabilizer of enzymes
Zn 46 uM Essential trace element; Appears in all enzyme Neurotoxic and hinder bone develo- 15 mg
classes pment at higher concentration
Mn 1 pM Essential trace element; Activator of enzyme;  Excessive Mn results in neurotoxic 4 mg
Mn deficiency is related to osteoporosis, diabetes
mellitus, atherosclerosis
Potential essential ~ Si — Cross linking agent of connective tissue base mem-  Excessive SiO, causes lung diseases —
element brane structures; Necessary for growth an bone cal-
cification
Other element  Li 2 ~4 ng/g  Used in the treatment of manic-depressive Reduced kidney function and 0.2~0.6 mg

pschoses

Al 2.1~4.8 pg

Zr Total <250 mg

central nervous system disorders

Total amount in
human <300 mg

Neurotoxic and accumulation
in bone

High concentration in liver and

gall bladder

3.5mg

4 FmARER

Al E Py _E B A 250 2 B8 4 B2 il b (40
K 10), Wittt HA. ®H. ZHMIK. ZE5HM
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Medical products made of magnesium alloys

Fig. 10
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