DIEENNERERRRBRIL+EHE

IHW, FHk, RER, Bk, FRME, K

A Critical Review on Anticoagulant Coatings on Cardiovascular Implants in the Past 10 Years
WANG Yuhe, LI Yan, MENG Kuilin, MAN Jia, LI Yongjian, CHEN Haosheng
TELR I TE View online: htips:/doi.org/10.16078/j.tribology.2022016

B RN B EME
Articles you may be interested in

KERELAS, REESHNER


http://www.tribology.com.cn
http://www.tribology.com.cn/article/doi/10.16078/j.tribology.2022016

Ep3% HaW JE A A iR Vol 43 No4
2023 4 H Tribology Apr, 2023

DOI: 10.16078/j.tribology.2022016

LINEET AN REI R R FTR

&R, F AL RER B A, FAa, e
(1. nadék% JBE V2 [ R SRR =, JB AT 100084;
2. AR K B0 LIS B8 0 A SEIR =, (L 7R BFRd 250061)

O LA NS DT Z TR &0 BN, SR, A N AR SR TR IR 8] ) il 2 S BU A,
T 35 1 00 T LA 05 TR R0 2R R AR T 28 N BRI AR RS, FE AL AN AR SR TS M ki J2 2 T Ag: 1) F 7
1R AR SCHPEE SRR T IE T N RO MU R A N AR SR T R Bt B R, 31 st BB TR T P9 S B 0 i
FEA ANRCELFE N O MR, 1 S48, D=5 B S B)MPIERZEM R, 55, B8 TaMEN AR
IR, R T O M A AR R T PUE R 2 AR AR, S e 1O IS A A A 0BT &R0 B B
HIEZ N

KR PUBERE; O MU N, N 0 IERRE; &S24, DEHpiEE, %

hE4 %S R318.08 MERIRERD: A SCEHRS: 1004-0595(2023)04-0446-23

A Critical Review on Anticoagulant Coatings on Cardiovascular
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(1. State Key Laboratory of Tribology, Tsinghua University, Beijing 100084, China
2. Key Laboratory High Efficiency & Clean Mech Manufacture, Shandong University, Shandong Jinan 250061, China)
Abstract: Cardiovascular implants have been widely used as a treatment for various cardiovascular diseases. However,
the contact between implant surface and blood will cause thrombus that leads to significant morbidity and mortality
worldwide. To reduce the risk of thrombus, immobilizing anticoagulant coatings on the implant surface is a common
method to realize anticoagulation. In this review, we focus on the anticoagulant coatings on different cardiovascular
implants in the past 10 years. We review the advance on the anticoagulant coatings of four typical cardiovascular
implants including artificial heart valves, vascular stents, ventricular assist devices, and catheters. In the end, we
conclude the ideal design for each implant and look ahead to the future of the cardiovascular anticoagulant coatings. It is

of great significance to improve the design and application of cardiovascular implants.
Key words: anticoagulant coatings; cardiovascular implants; artificial heart valve; vascular stent; ventricular assist
devices; catheters
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Fig. 1 The cardiovascular implants and history of anticoagulant coatings: (a) artificial heart valve; (b) vascular stent;
(c) ventricular assist devices; (d) catheters (created with BioRender.com.)
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Table 1 Principle of typical anticoagulant coatings on cardiovascular implants
Classification Material Typical coating Characteristics Birth
Polysaccharides Heparin Bind to antithrombin to prevent the clot 1963"”
The thrombin-thrombomodulin complexes activate protein C, which inactivates )
i 1992
Polypeptides ™ Va and VIIla to suppress the thrombin generation
Albumin Reduce fibrin adhesion and platelet activation 1984"%
D th ion of protei 11 h as fibri latelet:
. ecrease the adhesion of proteins and cells such as fibrinogen, platelets, and 199117
Blocking coagulation Organic bioinert L . . leukocytes o
Minimize the adsorption of protein, suppress the platelet activation, and control 18]
pathway polymers MPC . 1992
the coagulation cascade
PDA Adsorb to a broad range of biomaterials and provide a good biocompatibility 2007""
LP Repel protein, cell and blood 2014""
. DLC 1953
Inorganic carbon and Py Relatively good abrasion resistance, fatigue resistance, blood compatibility and 19692
metal Y chemical inertness 24
Ti 1986
EC Direct endothelialization 1978%"
Cells 81
EPC Realize self-endothelialization 1997
Normalizing tissue - - 291
L Fibronectin 1985
surrounding implants 0]
Proteins Collagen Capture ECs to mimic in-vivo environment 1985
CD34 antibody 2000""
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Fig. 2 Artificial heart valves and their coatings: (a) multi-in-one strategy on the bioprosthetic heart valve realized multi-functional
anticoagulation™"; (b) superhydrophobic coating on the mechanical heart valve to repel platelet and red blood cell *”; (b1) SEM
micrograph of the morphology of the superhydrophobic coating; (b2) SEM micrograph of the thickness of superhydrophobic
coating; (b3) surface topography profile of the superhydrophobic coating; (c) ECM coating on the tissue

engineered heart valve can capture ECs and induce endothelialization
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Table 2 Anticoagulant coatings on artificial heart valves

Coating Substrate Coating method Application Pros Cons Ref
. Covalently . . i
Heparin BHV Better anticoagulant effect Hardly withstand shear force 2017
attachment
Heparin-bFGF BHV 2010
Heparin-chi BHV 2012
eparin-chitosan Multi-function for inhibiting . . "
Heparin-VEGF TEHV . Lack of clinical practice and 2013
. . coagulation cascade and . . . #5)
Heparin-SDF-1a Dellellularized porcine TEHV . has the risk of calcification 2015
promoting long term effect 8]
heart ECM Intermolecular 2021
RIVA . . BHV [46]
interactions 2022
PEGDA BHV . . PEGDA coating is 20207
Prevents protein adhesion and . .
L discontinuous and require
does not significantly affect o . 48]
PEGDAA BHV . . further optimized to increase 2020
surface mechanical properties .
the coverage and thickness
Offers the potential to tightly
Polycarbonate/ Intermolecular control the mechanical, Longer-term follow-u
Fibrin gel Y . . TEHV . . ¢ L . i 2017"
Polycaprolactone interactions degradation, and bioactive studies is required
properties of grafting
. Pulsed laser Robust and potential to . » . 1501
Microstructure - MHV o Requires clinical practice 2018
PyC deposition promote endothelialization
Ultrananocrystalline Y . . . . 51
di d Chemical vapor MHV Robust and relatively good  Anticoagulant effect is not 2015
Graphene PMMA deposition BHV biocompatibility very good 2016
Plasma
. . immersion ion Robust and relatively good
TiO,, TiN Ti . . MHV . o ‘y ¢ Improved compatibility 2006
implantation biocompatibility
and deposition
Repel proteins and cells, and
Rust-Oleum NeverWet ) ) p' .p ] Further research to investigate 2020
PyC Tonic bonding MHV minimal impact on valve 1541
Clear Spray ) long-term valve performance 2017
hemodynamics
ECs and fibroblasts PU TEHV 2012
Dellellularized ovine heart 5
ECs ellellularized ovine hea TEHV 2018
ECM
bod Covalent 2012""
CD133 antibor TEHV
Y attachment Bi ibilit 2007
iocompatibility, non- .
) . TEHV . P 4 . 1. High shear stress can 2020™"
ECM Dellellularized porcine thrombotic, non-teratogenic, L . 1591
TEHV . destroy the coating integrity 2018
. . heart ECM long-term durability and . . . [60]
Fibronectin TEHV N ol 2. Require clinical practice 2013
rowth potentia 6
VEGF-hyaluronic acid Intermolecular BHV g P 2019"
VEGF-fucoidan interactions BHV 2018
Cellular
o Dellellularized ovine heart ~ Covalent 1631
communication BHV 2015
ECM attachment

network factor 1
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Fig. 3 Schematic of three coatings on the vascular stent: (a) a sequential co-immobilization strategy to realize a heparinized
surface™; (b) the schematic of SS-PSBMA-PGMA-NONOate copolymer brushes grafting on 316L SS stent*”(PSBMA,
polyglycidyl sulfoethyl methacrylate; PGMA, polyglycidyl methacrylate); (c) the vascular stent coating with
immobilized EPCs, anti-CD344 or anti-CD133 antibodies
B3 A S I =R 2 i (a) T 25 2 T R4 Vi 2 S5 ™ (b) SS-PSBMA-PGMA-NONOate}t S Wil 15 4
FE3TGLANGI S 4 F 17 5 B ™ (PSBMA Ay TR 45 /K HIHi B 2, 3 FF K D A7 R T« PGMA 3R B P I R 46 /K
HlR): (o)t A [ 52 K EPC. HICD345d7CD 133519 ML S 4L 2
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Table 3 Anticoagulant

coatings on vascular stents

Coating Substrate Coating method Pros Cons Ref
2008™"
Heparin Titanium alloy, Ni-Ti alloy ~Covalent attachment ~Prevent platelet activation and Hardly withstand mechanical 1998
suppress smooth muscle cell damage and may induce 1983™
Chemical co- migration proliferation thrombocytopenia (801
Heparin and NO 316L stainless steel ) o 2019
immobilization
Intermolecular The sustained release of -
EGCG/Cu complex PLLA . . 2020
interactions heparin and continuous
generation of NO at the Cause neointima hyperplasia
) ) blood/material interface can  response and inflammatory
NO—generatlngA SeCA a-nd B1001"thog-onal mimic the basic function of response 2020™
the EPC-targeting peptide conjugation ECs and reduce intimal
hyperplasia
Combat the inflammation,
. . thrombogenicity, promote re- .
Plant polyphenol, TA, and Phenolic-amine o o Induce tissue factor and 1831
. . endothelialization and inhibit o 2020
BVLD 316L stainless steel chemistry strategy . . . . enhance thrombogenicity
intimal hyperplasia and stenosis
in vivo
o . Heparin can induce 1541
Hep/NONOates Electrostatic interaction . 2020
Good stabilit d thrombocytopenia
ood stability an
. Evaporation-induced Y 1851
Mesoporous silica anticoagulant activity, promote 2019
self-assembly method dothelializati d simol The releasing rate of
. . : t tion,
SBMA/ GMA bifunctional Chemical endotheliaization, and simple heparin is low 2020
composite polymerization
2005
EC/ EPC Titanium alloy, Ni-Ti alloy 2007
2005
Strong binding force, good 2006
Anti-CD34 antibody Ni-Ti alloy biocompatibility, accelerate the ~ The process is costly and 2010
Covalent attachment re-endothelialization and requires long cell culture 20211
simultaneously inhibit SMCs periods 201217
expansion 2011
Anti-CD133 antibody  Titanium alloy, Ni-Ti alloy 2015

2019
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Fig. 4 The anticoagulation coatings on VADs: (a) magnetically levitated pumps
from the blood, producing a surface with good natural blood compatibility
. (b) total artificial heart

[1271,

primary adhesion of protein and cells from the bloodstream

(ePTFE) "*"; (b2) angioflex (proprietary polyether urethane)
microstructure (gratings) was designed to maximize cell adhesion and migration
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: (al) MPC coatings could adsorb phospholipids
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Table 4 Anticoagulant coatings in VADs
Coating Substrate Coating method Application Pros Cons Ref
PU and 1. Coating damage caused
) EXCOR pumps ] & & 2016
heparin . by high shear stress
. . . 1. Weaken the thrombogenic
) Berlin Heart Incor axial ) . . generated by the heart pump [122)
Heparin reactions and immunologic B 2004
flow pumps X 2. The durability and long-
. reactions .
Titanium alloys . term effectiveness of the
. 2. Reduce thrombin . .
Genetically ducti d platelet coating required for
engineered HeartMate LVAD production and platele prolonged implantation 1998
binding . L
SMCs without replication and
Covalently attachment
supplement
EVAHEART 2002"*
MPC Pure titanium . [141]
centrifugal pumps 2003
. . MedTech Dispo VADs’ C
Acrylic resin and . 1. Limited lifetime because [142)
MPC . impeller, rotor and o . 2009
polyetherimide of their biodegradability and
housing 1. Excellent blood .
. easy to dissolve [43]
MPC Titanium alloys Rotary blood pump ~ compatibility in long-term ; ) . 2009
2. Weak interfacial bonding [133]
Polyglycerol Titanium alloys Berlin Heart GmbH 2. Repel cells and platelets . . 2020
Sficient] between polymeric coatings
Artificial ventricles of efficient] T
ePTFE ePTFE Corona treatment Hheiat ventricles 0 Y and titanium-based 2012
CARMAT TAHs
- - substrates
Ventricles and trileaflet
Polyether Angiofle . )
Y grotiex Covalently attachment ~ valves of AbioCor 19931
urethane (polyetherure-thane) TAHs
Titanium Plasma electrolytic Passively levitated 20208
oxidation oxidation VADs
Medical 1. More stable and durable )
DLC Sun Medica L . 19984
o centrifugal pump in high flow velocity or
Titanium alloys VentrAssist shear stress for long-term or 1. Worse hemocompatibility
DLC 2-phase ion beam implantable rotary permanent implantation  than biological coatings and ~ 2003"*
deposition . ;
blood pumps VADs organic coatings
DLC EVAHEART VADs 2. Excellent biocompa- 2. The risk of microcracks 2006""
BMF VAD journal bearing Cleveland Heart pumps ~ tibility and excellent  and film breakdown because  2010"*”
Ultrananocrys ) ) ] hemocompa-tibility (the of VADs’ high rotate speed
talline Silicon carbide and Ti Chemical vapor Jarvik 2000 Heart least platelet adherence) and shear rate 2016
. alloy deposition .
diamond 3. Easy to process coating of
Bioprosthetic complex shape
. . . . . Intermolecular [134]
pericardial ~ Bovine pericardium ) i CARMAT TAHs 2012
) Interactions
tissue
Microtextured Cyclic olefin 1. Unsuitable textured 2014"
f: 1 surfaces can also result in 2014
surtace copolymer Covalently attachment LVAD . .
Microtextured Cyclic olefin 1. Induce the formation of severe thrombosis 20161
surface copolymer and PDMS EC layers controllably, 2. Induced ECs coatings’
Microtextured i i i i in vi
Titanium alloys Particle casting HeartMate LVAD efficiently and quickly functional liveness in vivo 2006
surface 2. Excellent and reliability of cell
hemocompatibility attachment under high shear
3. Improve the stability of stress is still a major
ECs Sintered Ti Covalently attachment VADs EC layers problem 2016"

3. Hard to process, high

cost, low success rate
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Fig. 5 The anticoagulation coatings on catheters: (al) immobilization of composite SA/HEP"®”"; (a2) polySB modification of
PICC surface”™; (b) schematic of blood repellency on TLP surfaces”"
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Table 5 Anticoagulant coatings on catheters
Coating Substrate Coating method Application Pros Ref
. Non-interventional Lower protein adhesion, inhibition of 11691
Heparin PVC Covalently attachment o . ) 2013
catheter intrinsic coagulation pathways, good density
Heparin PU Tonic bond Intravascular catheters and stability 1999
Inhibits fXIIa activity, induces less fXI
Corn trypsin inhibitor PU Covalently attachment  Intravascular catheters activation and prolongs clotting time in 2012
human plasma
X Long-term NO release, enhanced shelf-life
S-nitroso-N- Elast-eon E2As Intermolecular . L 07
R . . Artificial blood vessel ~stability, significantly reduces the number of ~ 2015
acetylpenicillamine polymer interactions . . .
thrombi and bacterial adhesion
Significant reduction in thrombus
. accumulation and reduced microbial 0]
Poly-Sulfobetaine PU Covalently attachment  Intravascular catheters . . 2012
adhesion to surfaces, thereby alleviating host
inflammation
N-acryloyl
. . . Intermolecular 1741
Zinc methacrylate glycinamide/ N- ) ] Intravascular catheters 2021
) . interactions
acryloylsemi-carbazide
Phosphorylcholine- and Non-interventional Excellent antibacterial pI'OpCITiES, resists
P Ary . PLA Covalently attachment . L 2020"™
Cation-bearing catheter fibrinogen and platelet adhesion, improves
Acrylamide, blood compatibility
lic acid. Int lecul. Non-int tional
acrylic acid, Ve ntermolecular on-interventiona 20211
Benzophenone, interactions catheter
AgNO3
PMEA PU Intravascular catheters Repel proteins adhesion 20201
Polydopamine, Ve Covalently attachment ~ Non-interventional ~ Reduced non-specific adsorption of proteins, 2020"™
silver nanoparticles catheter significant antibacterial properties
Lp polycarbonate, PVC, 201421
PET, etc . Non-interventional . . o
Capillary force Excellent anti-adhesion characteristics
LP, Krytox 100, o . catheter 1179
o ) Polyvinylidene fluoride 2020
silicone oil 500
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