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ABSTRACT

Vascular stents are an essential tool in cardiovascular interventional therapy, and their
demand is growing with the increasing incidence of cardiovascular diseases. Compared
with permanent stents, which are prone to in-stent restenosis, and drug-eluting stents,
which may cause late stent thrombosis, biodegradable stents offer advantages. After
providing early radial support to prevent elastic recoil, biodegradable stents gradually
degrade, allowing the vessel to regain its natural physiological contractility and undergo
positive remodeling. A review of the current mainstream biodegradable metal stents,
magnesium-based, iron-based, and zinc-based alloys, shows promising findings in both
preclinical and clinical research. Magnesium-based stents exhibit good operability and low
thrombosis rates, but their limitations include rapid degradation, hydrogen evolution, and
significant pH changes in the microenvironment. Iron-based stents demonstrate excellent
mechanical strength, formability, biocompatibility, and hemocompatibility, but their slow
corrosion rate hampers broader clinical application; accelerating degradation remains key.
Zinc-based alloys have a moderate degradation rate but relatively low mechanical strength;

enhancing stent strength by alloying with other elements is the main improvement direction

for zinc-based stents.
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biodegradable stent; vascular stent; metal stent; biocompatibility; mechanical properties
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Table 1 Comparison of research progress in metal degradable stents

AL R

TR AT M Wz B m TR
Magmaris®"” 1% E BIOTRONIK BeHA 4 RARIAMR+EREER 150 VAE BR LT
%73t DREAMS" HiRA4E — 99~147  14E  IRERRTIISE
BEHL BRSH LRI e A R A | BEEA 4 — — — s Y s
BEHL BRSEH) A PR R R R A E BG4 — — — R
L BRSHY FEHEITR R AR AR AR SEA4 — — — R &
BEHL BRSPS HIRR AP RHA IR AR A4 — — — IR
IBSE+* TLLEHE RN BRA T BEE  4+PDLLA+VE B L] 70 1.5~24F FIMIfGRS
BEREBRS PEBE A NEITRHEARAR  $a4 — — —  IfREIFS
F¥HE BRSE INREGEREITTRAARAR RG4S — 100 2~34F  IRERAIFSE

DREAM: Z5%) et il W i Sc 48 5 BRS: AWl A% S0 085 IBS: AR AL & Jm 5248 s PDLLA: AMH IR FLIA;

FIM: BRI

54 1F

] A 4 i S R IS 2 AT R , B Y
IR . B BV S R LR, HAh A
G T R SR SN AR E , W I EL R AL
PPERE . RAFM AR YE . 548084 R ILHL
(1) A figt 7 35 S B BRS 5 HLAS (W M. (HOR AT 240
) A2 T A i Ao A (1) i 38 R S P [ R o i 3 3 11 i)
R LA R A Wy A PR ), A KR A8 3 858 TR R )

ARAY ARV <G T S AR e gk S AR I A A
FRIE S BUAS R AZ R AL A A BT e o mT
fifp <ex Jois L7 ST AP R R MR BN A A R L AR
LN NN S ¥ T (VS
fifp < J ST PERE W UL SIS 2 8 B SRR R A 7
FOEFILEG] . A S BREE BT . S8 T T2
5o BRILLISN, TLAemtRiERE, DL sot i 1T
SN R TER A | AR 2GRSO AR
YRR AT AR AN AT At i SCAUR R TT 1]

©Journal of Central South University (Medical Science). All rights reserved.



1866

MR R (BEAARR ), 2024, 49(11)  hitp:/xbyxb.csu.edu.cn

EETMAR: wX Bdaodr, et #5
g waHE. ZaM4. BAE FAR

KAE; TR

WXV R LB A

159

155 AR DI R R A SR

Flaa SRR VEE PRI 45 0P

S 3Lk

(1]

(2]

[3]

(4]

(3]

(el

(7]

(8]

9]

[10]

Collaborators G2DAI. Global burden of 369 diseases and

injuries in 204 countries and territories, 1990-2019: a
systematic analysis for the Global Burden of Disease Study
2019[J]. Lancet, 2020, 396(10258): 1204-1222. https://doi.org/10.
1016/S0140-6736(20)30925-9.

Collaborators G2D. Global age-sex-specific mortality, life
expectancy, and population estimates in 204 countries and
territories and 811 subnational locations, 1950-2021, and the
of the COVID-19 pandemic:
demographic analysis for the Global Burden of Disease Study
2021[J]. Lancet, 2024, 403(10440): 1989-2056. https://doi.org/10.
1016/S0140-6736(24)00476-8.

Forrestal B, Case BC, Yerasi C, et al. Bioresorbable scaffolds:

impact a comprehensive

current technology and future perspectives[J/OL]. Rambam
Maimonides Med J, 2020, 11(2): €0016[2024-01-14]. https://doi.
org/10.5041/RMMJ.10402.

Shen Y, Yu X, Cui J, et al. Development of biodegradable
polymeric stents for the treatment of cardiovascular diseases
[J]. Biomolecules, 2022, 12(9): 1245. https://doi.org/10.
3390/biom12091245.

Chen K, Xie X, Tang H, et al. In vitro and in vivo degradation
behavior of Mg-2Sr-Ca and Mg-2Sr-Zn alloys[J]. Bioact Mater,
2020, 5(2): 275-285. https://doi. org/10.1016/j. bioactmat. 2020.
02.014.

Serruys PW, Revaiah PC, Onuma Y. Bioresorbable scaffolds: is
there still light at the end of the tunnel?[J]. J Am Coll Cardiol,
2023, 82(3): 196-199. https://doi.org/10.1016/j.jacc.2023.05.023.
Mannuf S, Schuff-Werner P, Dreifliger K, et al. Inhibition of
agonist-induced platelet aggregation by magnesium sulfate
warrants its use as an alternative in vitro anticoagulant in
pseudothrombocytopenia[J]. Platelets, 2020, 31(5): 680-684.
https://doi.org/10.1080/09537104.2019.1663804.

Masiero G, Rodino G, Boiago M, et al. Bioresorbable scaffolds
in percutaneous coronary intervention: facing old problems,
raising new hopes[J]. Curr Cardiol Rep, 2021, 23(3): 15.
https://doi.org/10.1007/s11886-021-01447-w.

Heublein B, Rohde R, Kaese V, et al. Biocorrosion of
magnesium alloys: a new principle in cardiovascular implant
technology?[J]. Heart, 2003, 89(6): 651-656. https://doi.org/10.
1136/heart.89.6.651.
Waksman R. Current state of the absorbable metallic
(magnesium) stent[J]. Eurolntervention, 2009, 5(Suppl F): F94-
F97. https://doi.org/10.4244/E1TVSIFA16.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

[20]

Maeng M, Jensen LO, Falk E, et al. Negative vascular
remodelling after implantation of bioabsorbable magnesium
alloy stents in porcine coronary arteries: a randomised
comparison with bare-metal and sirolimus-eluting stents[J].
Heart, 2009, 95(3): 241-246. https://doi. org/10.1136/hrt. 2007.
139261.

Erbel R, Di Mario C, Bartunek J, et al. Temporary scaffolding
of coronary arteries with bioabsorbable magnesium stents: a
prospective, non-randomised multicentre trial[J]. Lancet, 2007,
369(9576): 1869-1875. https://doi.org/10.1016/S0140-6736(07)
60853-8.

Waksman R, Erbel R, Di Mario C, et al. Early- and long-term
intravascular ultrasound and angiographic findings after
bioabsorbable magnesium  stent in  human
coronary arteries[J]. JACC Cardiovasc Interv, 2009, 2(4): 312-
320. https://doi.org/10.1016/j.jcin.2008.09.015.

Haude M, Ince H, Abizaid A, et al. Safety and performance of

implantation

the second-generation drug-eluting absorbable metal scaffold
in patients with de-novo coronary artery lesions (BIOSOLVE-
II): 6 month results of a prospective, multicentre, non-
randomised, first-in-man trial[J]. Lancet, 2016, 387(10013): 31-
39. https://doi.org/10.1016/S0140-6736(15)00447-X.

Haude M, Ince H, Abizaid A, et al. Sustained safety and
performance of the second-generation drug-eluting absorbable
metal scaffold in patients with de novo coronary lesions: 12-
month clinical results and angiographic findings of the
BIOSOLVE-II first-in-man trial[J]. Eur Heart J, 2016, 37(35):
2701-2709. https://doi.org/10.1093/eurheartj/ehw196.

Haude M, Ince H, Toelg R, et al. Safety and performance of the
scaffold
(DREAMS 2G) in patients with de novo coronary lesions:

second-generation drug-eluting absorbable metal

three-year clinical results and angiographic findings of the
BIOSOLVE-II first-in-man trial[J/OL]. Eurolntervention, 2020,
15(15): e1375-e1382[2024-01-14]. https://doi. org/10.4244/E1J-
D-18-01000.

Verheye S, Wlodarczak A, Montorsi P, et al. Twelve-month
outcomes of 400 patients treated with a resorbable metal
scaffold: insights from the BIOSOLVE-IV registry[J/OL].
Eurolntervention, 2020, 15(15): e1383-e1386[2024-01-14].
https://doi.org/10.4244/E1J-D-18-01058.

Haude M, Wlodarczak A, van der Schaaf RJ, et al. A new
resorbable magnesium scaffold for de novo coronary lesions
(DREAMS 3): one-year results of the BIOMAG-I first-in-
human study[J/OL]. Eurolntervention, 2023, 19(5): e414-e422
[2024-01-14]. https://doi.org/10.4244/E1J-D-23-00326.

Haude M, Wlodarczak A, van der Schaaf RJ, et al. Safety and
performance of the third-generation drug-eluting resorbable
coronary magnesium scaffold system in the treatment of
subjects with de novo coronary artery lesions: 6-month results
of the prospective, multicenter BIOMAG-I first-in-human study
[J]. EClinicalMedicine, 2023, 59: 101940. https://doi.org/10.
1016/j.eclinm.2023.101940.

Niu J, Yuan G, Liao Y, et al. Enhanced biocorrosion resistance

©Journal of Central South University (Medical Science). All rights reserved.



T i <5 J ALY ST AT A it e

bk, %

1867

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

©Journal of Central South University (Medical Science). All rights reserved.

and biocompatibility of degradable Mg-Nd-Zn-Zr alloy by
brushite coating[J]. Mater Sci Eng C Mater Biol Appl, 2013, 33
(8): 4833-4841. https://doi.org/10.1016/j.msec.2013.08.008.
Mao L, Shen L, Chen J, et al. A promising biodegradable
magnesium alloy suitable for clinical vascular stent application
[J]. Sci Rep, 2017, 7: 46343. https://doi.org/10.1038/srep46343.
Zhang J, Li H, Wang W, et al. The degradation and transport
mechanism of a Mg-Nd-Zn-Zr stent in rabbit common carotid
artery: a 20-month study[J]. Acta Biomater, 2018, 69: 372-384.
https://doi.org/10.1016/j.actbio.2018.01.018.

Zhu J, Zhang X, Niu J, et al. Biosafety and efficacy evaluation
of a biodegradable magnesium-based drug-eluting stent in
porcine coronary artery[J]. Sci Rep, 2021, 11(1): 7330. https://doi.
org/10.1038/541598-021-86803-0.

Wu Q, Zhu S, Wang L, et al. The microstructure and properties
of cyclic extrusion compression treated Mg-Zn-Y-Nd alloy for
vascular stent application[J]. J Mech Behav Biomed Mater,
2012, 8: 1-7. https://doi.org/10.1016/j.jmbbm.2011.12.011.
Lakalayeh GA, Rahvar M, Nazeri N, et al. Evaluation of drug-
eluting nanoparticle coating on magnesium alloy for
development of next generation bioabsorbable cardiovascular
stents[J]. Med Eng Phys, 2022, 108: 103878. https://doi.org/10.
1016/j.medengphy.2022.103878.

Menze R, Wittchow E. In vitro and in vivo evaluation of a
novel bioresorbable magnesium scaffold with different surface
modifications[J]. J Biomed Mater Res B Appl Biomater, 2021,
109(9): 1292-1302. https://doi.org/10.1002/jbm.b.34790.
Waksman R, Zumstein P, Pritsch M, et al. Second-generation
magnesium scaffold magmaris: device design and preclinical
evaluation in a porcine coronary artery model[J]. Eurolntervention,
2017, 13(4): 440-449. https://doi.org/10.4244/E1J-D-16-00915.
Li LY, Yang Z, Pan XX, et al. Incorporating copper to
biodegradable magnesium alloy vascular stents via a Cu(ll) -
eluting coating for synergistic enhancement in prolonged
durability and rapid re-endothelialization[J]. Adv Funct
Materials, 2022, 32(47): 2205634. https://doi.org/10.1002/adfm.
202205634.

Kang Y, Xu C, Meng LA, et al. Exosome-functionalized
magnesium-organic ~ framework-based  scaffolds  with
osteogenic, angiogenic and anti-inflammatory properties for
accelerated bone regeneration[J]. Bioact Mater, 2022, 18: 26-
41. https://doi.org/10.1016/j.bioactmat.2022.02.012.

Xue J, Singh S, Zhou YX, et al. A biodegradable 3D woven
magnesium-based  scaffold for
Biofabrication, 2022, 14(3): Biofabricationvol. 14, 310.1088/1758-
5090/ac73b8.13Jun.2022. https://doi.org/10.1088/1758-5090/ac73b8.
Landolff Q, Lefévre T, Fajadet J, et al. Five-year clinical

orthopedic  implants[J].

outcomes using the bioresorbable vascular scaffold: Insights
from the FRANCE ABSORB registry[J]. Arch Cardiovasc Dis,
2022, 115(10): 505-513. https://doi.org/10.1016/j.acvd.2022.05.008.
Peuster M, Wohlsein P, Briigmann M, et al. A novel approach
cardiovascular stents

to temporary stenting: degradable

produced from corrodible metal-results 6-18 months after

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

implantation into New Zealand white rabbits[J]. Heart, 2001, 86
(5): 563-569. https://doi.org/10.1136/heart.86.5.563.
M, Hesse C, Schloo T, et al
biocompatibility of a corrodible peripheral iron stent in the
porcine descending aorta[J]. Biomaterials, 2006, 27(28): 4955-
4962. https://doi.org/10.1016/j.biomaterials.2006.05.029.

Lin W, Zhang G, Cao P, et al. Cytotoxicity and its test

Peuster Long-term

methodology for a bioabsorbable nitrided iron stent[J]. J
Biomed Mater Res B Appl Biomater, 2015, 103(4): 764-776.
https://doi.org/10.1002/jbm.b.33246.

Lin W, Qin L, Qi H, et al. Long-term in vivo corrosion
behavior, biocompatibility and bioresorption mechanism of a
bioresorbable nitrided iron scaffold[J]. Acta Biomater, 2017,
54: 454-468. https://doi.org/10.1016/j.actbio.2017.03.020.

Lin WJ, Zhang DY, Zhang G, et al. Design and characterization
of a novel biocorrodible iron-based drug-eluting coronary
scaffold[J]. Mater Des, 2016, 91: 72-79. https://doi. org/10.
1016/j.matdes.2015.11.045.

Shi J, Miao X, Fu H, et al. In vivo biological safety evaluation
of an iron-based bioresorbable drug-eluting stent[J]. Biometals.
2020,33(4/5): 217-228. https://doi.org/10.1007/s10534-020-00244-2.
Zheng JF, Qiu H, Tian Y, et al. Preclinical evaluation of a novel
sirolimus-eluting iron bioresorbable coronary scaffold in
porcine coronary artery at 6 months[J]. JACC Cardiovasc
Interv, 2019, 12(3): 245-255. https://doi.org/10.1016/j.jcin.2018.
10.020.

Gao RL, Xu B, Sun Z, et al. First-in-human evaluation of a
novel ultrathin sirolimus-eluting iron bioresorbable scaffold: 3-
year outcomes of the IBS-FIM trial[J]. Eurolntervention, 2023,
19(3): 222-231. https://doi.org/10.4244/E1J-D-22-00919.

Zhang H, Li X, Qu Z, et al. Effects of serum proteins on
corrosion rates and product bioabsorbability of biodegradable
metals[J]. Regen Biomater, 2023, 11: rbad112. https://doi.org/10.
1093/rb/rbad112.

Huang T, Cheng J, Bian D, et al. Fe-Au and Fe-Ag composites
as candidates for biodegradable stent materials[J]. J Biomed
Mater Res B Appl Biomater, 2016, 104(2): 225-240. https://doi.
org/10.1002/jbm.b.33389.

Hermawan H, Alamdari H, Mantovani D, et al. Iron-
manganese: new class of metallic degradable biomaterials
prepared by powder metallurgy[J]. Powder Metall, 2008, 51(1):
38-45. https://doi.org/10.1179/174329008x284868.
Ravanbakhsh S, Paternoster C, Barucca G, et al. Improving the
radiopacity of Fe-Mn biodegradable metals by magnetron-
sputtered W-Fe-Mn-C coatings: Application for thinner stents
[J]. Bioact Mater, 2021, 12: 64-70. https://doi. org/10.1016/].
bioactmat.2021.10.022.

Li M, Zhang X, Zhang Y, et al. Effect of interaction between
dissolved organic matter and iron/manganese (hydrogen)
oxides on the degradation of organic pollutants by in situ
advanced oxidation techniques[J]. Sci Total Environ, 2024,
918: 170351. https://doi.org/10.1016/j.scitotenv.2024.170351.
Loffredo S, Gambaro S, Copes F, et al. Effect of silver in



1868

MR R (BEAARR ), 2024, 49(11)  hitp:/xbyxb.csu.edu.cn

[46]

[47]

[48]

[49]

[50]

(1]

[52]

[53]

thermal treatments of Fe-Mn-C degradable metals:
Implications for stent processing[J]. Bioact Mater, 2021, 12:
30-41. https://doi.org/10.1016/j.bioactmat.2021.10.020.

Wang C, Zhang R, Wei X, et al. Metalloimmunology: The
metal ion-controlled immunity[J]. Adv Immunol, 2020, 145:
187-241. https://doi.org/10.1016/bs.ai.2019.11.007.

Yang H, Wang C, Liu C, et al. Evolution of the degradation
mechanism of pure zinc stent in the one-year study of rabbit
abdominal aorta model[J]. Biomaterials, 2017, 145: 92-105.
https://doi.org/10.1016/j.biomaterials.2017.08.022.

Zhou C, Li HF, Yin YX, et al. Long-term in vivo study of
biodegradable Zn-Cu stent: a 2-year implantation evaluation in
porcine coronary artery[J]. Acta Biomater, 2019, 97: 657-670.
https://doi.org/10.1016/j.actbio.2019.08.012.

Zhao S, Seitz JM, Eifler R, et al. Zn-Li alloy after extrusion
and drawing: Structural, mechanical characterization, and
biodegradation in abdominal aorta of rat[J]. Mater Sci Eng C
Mater Biol Appl, 2017, 76: 301-312. https://doi.org/10.1016/;.
msec.2017.02.167.

Yang H, Jin D, Rao J, et al. Lithium-induced optimization
mechanism for an ultrathin-strut biodegradable Zn-based
vascular scaffold[J/JOL]. Adv Mater, 2023, 35(19): €2301074
[2024-01-14]. https://doi.org/10.1002/adma.202301074.
Kubasek J, Vojtéch D, Jablonska E, et al. Structure, mechanical
characteristics and in vitro degradation, cytotoxicity,
genotoxicity and mutagenicity of novel biodegradable Zn-Mg
alloys[J]. Mater Sci Eng C Mater Biol Appl, 2016, 58: 24-35.
https://doi.org/10.1016/j.msec.2015.08.015.

Qin Y, Liu A, Guo H, et al. Additive manufacturing of Zn-Mg
alloy porous scaffolds with enhanced osseointegration: in vitro
and in vivo studies[J]. Acta Biomater, 2022, 145: 403-415.
https://doi.org/10.1016/j.actbio.2022.03.055.

Liu X, Sun J, Zhou F, et al. Micro-alloying with Mn in Zn-Mg
alloy for future biodegradable metals application[J]. Mater

Des, 2016, 94: 95-104. https://doi. org/10.1016/j. matdes. 2015.

ARSI R R, SREHEE, ERAM, M2, AR, IR, &1 .
T e A R L ST AR T R R (D). R R 2 2 (R 2 ),
2024,49(11): 1861-1868. DOI:10.11817/j.issn.1672-7347.2024.230514
Cite this article as: YANG Yan, ZHANG Zhenfeng, WANG
Junwei, FU Keyun, LI Dongyang, HE Hao, SHU Chang. Progress

in research and development of biodegradable metallic vascular

stents[J]. Journal of Central South University. Medical Science,
2024, 49(11): 1861-1868. DOI:10.11817/j.issn. 1672-7347.2024.
230514

[54]

[55]

[56]

[57]

(58]

[59]

12.128.
Guillory RJ, Mostaed E, Oliver AA, et al. Improved
biocompatibility of Zn-Ag-based stent materials by

microstructure refinement[J]. Acta Biomater, 2022, 145: 416~
426. https://doi.org/10.1016/j.actbio.2022.03.047.

Bowen PK, Seitz JM, Guillory RJ, et al. Evaluation of wrought
Zn-Al alloys (1, 3, and 5 wt % Al) through mechanical and in
vivo testing for stent applications[J]. J Biomed Mater Res B
Appl Biomater, 2018, 106(1): 245-258. https://doi.org/10.1002/jbm.
b.33850.

Oliver AA, Guillory RJ, Flom KL, et al. Analysis of vascular
inflammation against bioresorbable Zn-Ag based alloys[J].
ACS Appl Bio Mater, 2020, 3(10): 6779-6789. https://doi.org/10.
1021/acsabm.0c00740.

Wu X, Wu S, Kawashima H, et al. Current perspectives on
bioresorbable scaffolds in coronary intervention and other fields
[J]. Expert Rev Med Devices, 2021, 18(4): 351-365. https://doi.
org/10.1080/17434440.2021.1904894.

T, TRARIR . [ e R K S AR D e R SRR AR BE R[]
[ 597 #8 A A5 L, 2020, 26(1): 10-13, 155. https://doi.org/10.
15971/j.cnki.cmdi.2020.01.005.

SHANG Hui, WEN Taoyuan. Historical development and
technological progress of domestic coronary stent[J]. China
Medical Device Information, 2020, 26(1): 10-13, 155. https://doi.
org/10.15971/j.cnki.cmdi.2020.01.005.

ZEGESE, B JTRAN, A5 . E PR AR Y T WO AR B bk S AR Y
WEFTBRIRII. LRV EYIBEA T AL, 2021, 40(1): 95-100. https:/doi.
org/10.3969/j.issn.1002-3208.2021.01.014.

LI Chongchong, WANG Shuo, WAN Chenjie, et al. Research
status of domestic bioabsorbable coronary artery stents[J].
Beijing Biomedical Engineering, 2021, 40(1): 95-100. https://doi.
org/10.3969/j.issn.1002-3208.2021.01.014.

(sAE% 3 RAN)

©Journal of Central South University (Medical Science). All rights reserved.



