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Importance & Applications of Nanotechnology

Introduction

Percutaneous Coronary Intervention (PCI) is the main ap-
proach for treating Coronary Artery Disease (CAD) [1]. Low sur-
gical risk and short recovery time are the main advantages of 
PCI, and stent is the core in the PCI treatment. Stents are gen-
erally made from metals including 316L Stainless Steel (316L 
SS), nitinol and cobalt- chromium alloy, they are named as non-
degradable metals [2]. The inherent metallic properties of Bare 
Metal Stent (BMS) surface are failed to encourage Re-endothe-
lialization and further lead to in-stent thrombosis, and the me-
tallic surface are limitations for effectively drug loading by ionic 
binding or direct absorption [3]. Based on the problems, Drug 
Eluting Stent (DES) coated with various biocompatible polymers 
contained different drugs is a normal choice to elevate the bio-
compatibility and treatment properties [1]. While the foreign 
metal stay in the tissue for a long term will lead to immunoreac-
tion [4].

In recent years, the biodegradable metals, including magne-
sium-, zinc- and iron- based alloys, generally exhibit their ad-
vantages on implanted field, stent made of the biodegradable 
metals are named as Bioresorbable Stents (BRS) [5]. Contrary 
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to BMS or DES, gradually degradation of BRS could not only 
reshape the vessel, but also disappear eventually to avoid the 
second operation and reduce long term antiplatelet therapy. Be-
sides, BRS could decrease the inflammation and the late stent 
thrombosis problem for the drugs or factors on the surface [5]. 
However, the mechanical properties and unsuitable degradation 
period are the limitation of the application in coronary artery in-
tervention field [6]. And consideration must also be given to the 
potentially harmful consequences of systemic delivery through 
stent.

Recent researches generally considered that formatting a 
continuous layer of Endothelial cells (ECs) is a better solution 
to prevent in-stent restenosis. Therefore, surface endothelial-
ization has been a promising direction of implanted device sur-
face modification. To increase the re-endothelialization rate on 
the device surface, simulating the natural micro-environment 
has attracted more and more attention. Creating a microenvi-
ronment similar to natural vessel may be a promising method 
to shorten the reendothelialization period, and the ECs will cov-
er the implanted stent and isolate the implanted materials from 
blood stream to reduce the corrosion rate of BRS.
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Cells are subjected to both the surface topography of the 
basement membrane and the mechanical load from the blood 
stream in vivo [7]. Simulating the biological microenviron-
ment of the cells on the biomaterials surfaces in vitro may be an 
effective method to build a vessel structure with autologous EC 
monolayer [8]. Cells are sensitive to the morphological features 
of Extracellular Matrix (ECM), thus, fabricate the micro-/nano-
patterned surfaces with ECM source material is meaningful to 
regulate the cell behavior [9]. The next generation of stents 
should be reendothelialized after implantation to specifically 
suppress the immune cell response by changing the surface 
patterns, which will reduce the attachment of immune cells and 
increase the recruitment, migration and growth of endothelial 
cells. In this section, bio-inspired “micro” and “nano” structure 
on stent surfaces is the main discussed topic.

Simulated physiological structure of normal blood vessel

Simulating the biological microenvironment of the cells on 
the biomaterials surfaces in vitro may be an effective method 
to build a vessel structure with autologous EC monolayer [8]. 
Cells are subjected to both the surface components and topog-
raphy of the basement membrane in vivo [7]. Cells are sensitive 
to the morphological features of ECM, thus, fabricate the mi-
cro-/nano-patterned surfaces with ECM components is mean-
ingful to regulate the cell behavior [9]. Geometric confinement 
caused by micropattern alignment can affect the architecture of 
F-actin and Microtubules (MTs) within aligned cells, thus regu-
lating morphology and functions of cells [10]. The F- actin mi-
crofilaments are important to cells for the roles in cell adhesion, 
migration, and maintenance shape of cells [11]. For example, 
ECs could respond to blood flow and reshape actin stress fibers 
according to the direction of blood flow [12].

Because of the reasons above, changing the implanted sur-
face morphology exhibits potential methods to induce the pro-
tein adsorption and directional distribution of cells. To imitate 
the natural environment, the substrates with engineered mor-
phologies are developed to achieve cell alignment [13]. Com-
pared with the traditional smooth surface, the microstructure 
surface showed better EC migration and diffusion properties. 
For example, on grooves with width of 22 μm, the migration 
of ECs was enhanced [14] and parallel grooves with width of 2 
μm showed the highest cell affinity [15]. The complex vascular 
microenvironments, such as ECM, blood flow shear stress and 
SMC, could influence the function of ECs simultaneously. For ex-
ample, a parallel groove stripes may guide cell growth along the 
grooves, which are similar to physiological EC status exposed to 
blood status [16].

Understanding the normal vessel structure is necessary for 
better design of the bionic graphics for Understanding the in-
teraction between cells and topography [17]. In human vascular 
wall, the EC and SMC are the main components, and the ordered 
distribution of EC and SMC guarantee the normal physiological 
functions of the vascular environment [18]. ECs in a native ves-
sel environment exhibit an elongated, cobblestone and aligned 
morphology and growth followed the blood flow direction. And 
each EC is attached to several surrounding ECs to continuously 
create an endothelial monolayer [1]. And the vascular endothe-
lial matrix consists of the contractile SMC sublayer, which owns 
a direction perpendicular to the blood flow direction. Random 
surface topographies may promote VSMC proliferation, highly 
ordered structures can result in VSMC alignment, decreased pro-
liferation and increased differentiation [3]. If the SMC layer with 
directional distribution was construct as the biomimetic vas-

cular endothelial matrix, which may provide a basic surface for 
EC of rapid and complete reendothelialization process [19]. To 
sustain the normal function, including the anticoagulant prop-
erties and the release of inhibition proliferative biological func-
tional factors, ECs need the support from the SMCs [20]. The ef-
fects of microstructures and nanostructures on SMC and EC are 
dependent on the size, orientation, and geometry of two and 
three dimensional systems [21]. For instances, highly ordered 
features on the surface may increase the VSMC alignment and 
differentiation, as well as reduced diffusion [17].

Except the vessel structure, the cell-material interactions at 
the interface affect reendothelialization processes on the stent. 
The first event happened after stent implanted is protein ad-
sorption (albumin, immunoglobulin, fibrinogen, etc.), and then 
the interactions between the adsorbed protein layer and the 
blood are began, especially high levels of fibrinogen adsorption 
on the surface which may contribute to platelet adhesion and 
activation, and these activation will lead to thrombus formation 
within minutes or hours [22]. The adsorption process is affected 
by material surface properties and topography [23,24]. An in-
creasing number of researchers are looking for new technologi-
cal solutions to engineer the surface of biomaterial implant in a 
nanoscale to enhance biocompatibility and tissue regeneration. 
Surface properties such as surface chemistry, charge and wet-
tability can be specifically optimized to induce the cell adhesion 
and proliferation. Some reports considered that the hydrophilic 
surfaces or surfaces with abundant hydroxyl groups could ab-
sorb water and have more resistant to protein adsorption, this 
kind of surface may suppress platelet adhesion by suppressing fi-
brinogen adsorption [25,26]. While some researchers found the 
hydrophilic surface may activate plasma coagulation [27,28]. For 
instance, fibrinogen can be adsorbed on the surface of modified 
nitinol alloys with a concentration dependent manner [29,30]. 
Thus, changing the surface characterizes and configuration is a 
complex method to influence the protein adsorption [31].

Biomolecules

There are two parts related to the surface modification of 
cardiovascular biomaterials: Biomolecules and micro-/nanopat-
terned type. In this section, modification biomolecules will be 
discussed.

Extracellular Matrix (ECM) is an acellular component pres-
ent in all tissues and organs, which could provide the physical 
scaffolding for the cellular components and involving in initi-
ating key biomechanical clues needed for tissue and cell mor-
phogenesis, differentiation, and homeostasis [32]. The ECM is 
composed of two main kinds of macromolecules: Fibrous pro-
teins and proteoglycans (PGs) [33]. Fibrous proteins consist of 
collagen, elastin, fibronectin and laminin. Proteoglycan (PG) 
consists of glycosaminoglycan (GAG) chains covalently attached 
to specific protein cores, except for hyaluronic acid (HA), and PG 
fills most of the extracellular space in the form of hydration gel 
[34]. ECM is an important aspect of functional expression and 
maintenance of biomimetic surfaces. The choose of modifica-
tion material may similar to the natural ECM to obtain better 
biocompatibility.

Some biomolecules have been researched for fabricate nano-
pattern, including HA, collagen I, phosphatidyl choline, and the 
mixtures of fibronectin [18,35-39], most materials are compo-
nents of ECM. HA and is the key component of ECM and could 
trigger signaling pathways associated with cell adhesion (plaque 
kinase (FAK)), proliferation, migration (extracellular regulatory 
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kinase (ERK1/2)) and differentiation through specific HA cell sur-
face receptors (CD44 or RHAMM) [40-44]. The existence of -OH 
group in the chemical construction is related to its high water 
retention ability and swelling ability [45]. Besides, HA is a nega-
tively charged polysaccharide with simple and linear chemical 
structure, the negative charge of HA could combine with the dif-
ferent cations (Mg2+, Zn2+, Ca2+) give the polysaccharide high 
water retention property to the polysaccharide [46]. And HA can 
only induce a weak immune response as an implanted mate-
rial [41]. Some research found that the High Molecular Weight 
Hyaluronic Acid (HMW-HA) inhibits cell adhesion and related to 
cell differentiation and anti-inflammatory effects [47], while Low 
Molecular Weight Hyaluronic Acid (LMW-HA) promotes cell ad-
hesion [48,49]. And the regulator between the two weights is 
hyaluronidase (HAa) [50]. Using this characterize, the HA could 
regulate the cell adhesion [18]. Therefore, HA is a potential ma-
terial to manufacture the structure on the surface.

Except the HA biomolecules, collagen is another possible 
material to format the structure on the surface. Collagen, ac-
counting for 30% of the total protein mass of multicellular ani-
mals, is the most abundant fibrous protein in ECM. Collagen 
could provide tensile strength, regulates cell adhesion, and sup-
ports chemotaxis and migration, and direct tissue development 
[51,52]. There are 28 kinds of collagen have been identified [53], 
including that, collagen type I involves a number of enzymatic 
post- translational modifications, collagen types IV, VI, VIII, and X 
are involved in forming various kinds of networks [54]. Accord-
ing to the aim of the surface, different collagen could be chosen 
to fabricate nano structure.

“Micro” and “Nano” elements

Normal drug release system on the stent surface is focus on 
the drugs’ properties. The release drugs could regulate the ves-
sel cell’s behavior by controlling the cell cycle. While in vivo, the 
blood stream is also an important element which could influ-
ence the cell adhesion and proliferation on the stent surface. 
Due to the blood flow around the implanted stent, coatings may 
delaminate under Flow Shear Stress (FSS) which would cause 
complications downstream. And the ECs monolayer under the 
FSS may change the morphology of ECs [55].

Figure 1: The micro-/nano-structure on the stent surface which 
simulate the normal blood vessel structure to regulate the cell ori-
entation, adhesion and proliferation.

Considering this, some researches have altered the original 
surface of stents to create optimally interact with cells. Figure 
1 demonstrates the normal vessel components and structure, 
and the how micro-/nano-surface on stent regulate the cell’s 
behaviors by simulating the vessel structures. The Some initial 
researchers found that the metals with random nanostructured 
surface could increase the vascular cell responses, which was 
a promising strategy to improve stent efficacy [52]. Recent ap-
proaches have centered on modifying stent surface by unique 
nanometer topographies which mimic the natural vascular tis-
sue, including nanostructure surface and nanoparticles coating 
[3,56,57]. Therefore, micro-cartography has been widely used 
to simulate the structure of natural ECM to regulate the cells 
behaviors.

“Micro” and “Nano” particles

The main strategy of “micro” and “nano” particles is encap-
sulating anti-restenosis medicine in nanocarriers (majorly of 
polymeric or nature MVs) and then coated the nanocarriers on 
stents. Cells can incorporate particles varying from 50 to 300 
nm in diameter based upon a variety of different internaliza-
tion pathways including non- specific and receptor-mediated 
endocytosis [58,59]. Nanoparticle (NP) -mediated Drug Delivery 
Systems (DDS) are a promising transform plat. The NP-eluting 
biomaterial stent provides an efficient transform plat than dip-
coating stent, for its better and more prolonged delivery ability.

The nanocarriers applications on atherosclerotic plaques be-
gan in the research of nano-suspensions. While the nano-sus-
pensions utilized as a clinically medicine which inject straight 
into veins may affect the body system, the targeted delivery by 
a stent is an efficient way to solve the problem [60]. Westedt 
et al. used the balloon catheter delivery systems to infusion of 
drug-loaded micro-/nano-carriers to increase a sustained drug 
release at the site of angioplasty [61]. Besides, immobilization 
the natural nanoparticle on the surface is an innovation strategy 
to increase the biocompatibility and regulate the cell interac-
tion to the surface. Thus, facilitate suitable particles suspension 
and choose immobilization method are the main points in the 
nanocarriers applications on metallic material. Song et al. used 
an ex-vivo model utilizing dog carotid arteries to evaluated the 
uptake of polymeric Nanoparticles (NPs) with anti- restenosis 
drugs [62]. They found that the arterial uptake is a size depen-
dent process, which means 100 nm NPs penetrating better than 
266 nm NPs. Other researchers [63] found that the NPs was 
taken up rapidly by endothelial cells and was localized in the 
cytoplasm. Besides, an research depicted an effective uptake of 
PEO-PCL nanoparticles, which efficiently encapsulate both PTX 
and CER, by VSMCs with a significant anti- proliferative effect 
[64].

To promote the adhesion of structure on the surface, amine 
functionalization (- NH2) or Layer-by-Layer assembly (LBL) are 
frequently-used methods. Liu et al. develop a time-ordered 
heparin/poly l-lysine nanoparticle (NP), and then deposit this 
NPs on a polydopamine-coated titanium surface [65,66]. This 
coating owns high anticoagulant activity and could selective in-
hibition of SMC and increase the EC proliferation. The feature 
of this coating is the drug release stages could be controlled to 
regulate the cells behavior [66]. Li et al. deposited a dopamine 
and hexamethylenediamine (PDA/HD) coating onto 316 L SS 
surface to adhesion HA with gradients of MW. The HA with high 
MW (1×105, and 5×105 Da) restrained the adhesion and prolif-
eration of vascular SMCs (VSMCs) and macrophages(MA), and 
suppressed the platelet activation/aggregation and thrombosis 
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[67]. The in vivo results demonstrated that the surface with HA 
of 1×105 Da created a friendly microenvironment to induce the 
reendothelialization and stimulation reducing restenosis of car-
diovascular biomaterials. Thus, the MW of the HA have differ-
ent regulation effects on different cells.

“Micro” and “Nano” structures

Creating nanostructure on stent surfaces is another method 
to regulate the cell adhesion. Nanostructure always made of 
nano-topography (carved out of the stent material itself or pro-
vided by a coating of nanostructures), and may or may not be 
loaded with anti-restenosis drugs on the surface. Changing the 
interface roughness by pores, pits, grooves, pillars maybe af-
fect the protein adsorption and cell adhesion on the implanted 
surface, and create a fast regeneration of the tissue by promoting 
adhesion and proliferation of cells by influencing the protein 
adhesion. The main parameters which reflect the roughness is 
the water contact angle, some research found that the nano-
surface is hydrophilic, while micron/nano-surface is hydropho-
bic [68,69]. Several engineering techniques have been utilized 
to create a micro/nano-meter scale surface on implanted ma-
terial. The techniques are devised into two forwards: Remove 
part of the surface, including anodization, chemical corrosion 
and laser treatment; add material on the surface, like biomol-
ecule modification.

Removing part of the surface

Micron-scale and nanoscale surface features could change 
the surface roughness which directly associated with chang-
ing adhesion by special three-dimensional morphology. Many 
methods have been researched to change the micro/nanostruc-
ture of the surfaces, such as acid etching, sand blasting, anodic 
oxidation and laser texturing [70-72].

Changing roughness of the surface is an important method 
to regulate the cell’s behavior. Increased surface roughness 
may promote ECs proliferation. The electron beam deposition 
was utilized to manufacture different scales surface on titanium 
stents and the nanometer and submicron features remained 
better endothelial layer intact under flow conditions [73]. Hy-
drothermal technique under alkaline conditions is a popular 
method to remove part on the surface and format uniform nano-
structures (RMS 0.14-0.41 nm) on the surface of 316 L SS. The 
nanostructured surfaces exhibited normal clotting times, mini-
mal platelet aggregation, and minimal hemolysis; however, no 
significant differences were observed between the nanostruc-
tured surfaces and the control material [74].

Laser treatment is a useful method to remove part of the 
surface. The micro/nano structure greatly promotes the cell 
adhesion and proliferation [69]. Different pattern could be con-
trolled by adjusting the laser energy density (irradiation energy 
per unit area and scan patterns). Utilizing the femtosecond laser, 
a periodic nanostructures on the TiO2 film surface were manu-
facture, the period and height of the structures were about 230 
nm and 150 nm, which could increase the cell spreading [75]. 
Base on this result, the team further studied the applicability 
of hierarchical periodic micro/nano- structures on the surface 
modification of nitinol and found this pattern seem to regulate 
the ECs to spread along the nanometer scale, and the pinning 
effect from the periodic micro-structures shifted the water con-
tact angles to more hydrophobic values, which decreased the 
platelet adhesion on the surface [70]. The different behavior of 
ECs and platelets maybe relate to the volume difference in the 

cells, which means the periodic micro-structure larger than of 2 
μm can influence the results [70,75]. Except the normal groove 
structures, some bionic structure was developed to obtain 
special function. Micron-level grooves inspired by shark skin 
structure were obtained by laser treatment on Ti-6Al-4V [76]. 
Using “Layer-by-Layer” (LBL) methodology to manufacture an 
HA-Chitosan (CHI) coating on the grooves could increase the bio 
function [76].

Nanotubes can be utilized for vascular stent applications for 
increasing the motility of ECs. And the solution-based approach 
is suitable for the implanted devices with a complex shape (like 
cardiovascular stent). Moreover, the nanotubes (NTs) could de-
livery and release of various drugs to enhance the functions of 
cells [77-79]. Therefore, Nanotubes are a promising candidate to 
regulate the cell behaviors. The TiO2 nanotube array is formed 
by anodic oxidation. The ECs on the nanotube matrix are elon-
gated, which also effect of increased proliferation, migration 
speed and extracellular matrix production, while the VSCMs 
the nanotubes were decreased, and the α-SMA expression on 
the nanotube were increased, which reflected the VSCM tend to 
contractile phenotype [80]. Titanium dioxide nanotube arrays 
(TNTAs) with the diameter of 30~90 nm which could be regulat-
ed by anodic oxidation parameters. TNTA with smaller diameter 
own better blood and cell compatibility compared with that of 
larger sizes [81]. Heat treatment is an indispensable process af-
ter anodic oxidation to change the phase. The Titanium Dioxide 
Nanotube (TNT) coating annealed at 4500C may obtain better 
platelet behavior for forming more anatase [82]. Therefore, the 
combination of crystalline phase and TNT's size controls the cell 
and blood behavior [82]. Besides, the chitosan-heparin nano-
particles could be loaded in TiO2 nanotubes to regulate the 
cell-biomaterials interaction and blood compatibility [83]. TiO2 
nanotubes could restrict the size of SMC but not EC at a certain 
structure. The 5-layer polydopamine (PDA) were deposited on 
the interface of the TNT to functionalize the nanotube arrays 
which endowed high bioactivity of TNT [84], which could regu-
late the behavior of ECs and SMCs, and reduce the SMCs adhe-
sion and proliferation on the surface of TNT [85]. Fabricating 
two-scale micro/nano structures on titanium surfaces regulate 
the adhesion proteins and microfilaments of SMCs [86].

Dry etching technique based on plasma is an innovation 
method to fabricate a surface consisting of periodic arrays 
grooves range from 750 nm to 100 μm, which inducing ECs ar-
ranged similar to the natural endothelium in vessels, In vitro rat 
aortic endothelial cell adhesion and growth tests demonstrated 
the endothelial cell coverage on nanometer-scale Ti patterns 
was increased compared with micrometer-scale Ti patterns 
[15].

Adding material on the surface

Adding material on the surface is another way to create 
nanostructure in the surface modification of cardiovascular 
biomaterials. Several kinds of biomolecule pattern have been 
manufactured, including groove stripes, round micro-domains, 
micro-networks and micro-tips [87-89]. The adding biomolecule 
and pattern are two basic elements in this section. As discussed 
before, HA is a suitable molecule for its biological function. Uti-
lizing HA and dopamine (PDA) to prepare a multi-coating on 316 
L SS, which gave the surface properties of increasing the ECs 
proliferation relied on the HA changed. And the 2.0 mg/mL HA 
enhance the ECs behavior obviously in vitro and this HA coating 
demonstrated excellent tissue compatibility [90].
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The naturally formed titanium oxide film on titanium’s sur-
face is the source of its biocompatibility [91]. Developing the 
quality of natural titanium oxide films (about 10 nm) is a promis-
ing method to enhance its biocompatibility [92]. Based on these 
theories, Huang and his team [31,93] using Plasma Immersion 
Ion Implantation And Deposition (PIIID), and sputter deposi-
tion technology formatted crystalline titanium oxide films. The 
results showed that the lower interface energies and semicon-
ducting nature of the titanium oxide films are the main reasons 
for better hemocompatibility. And this titanium oxide films have 
been apply to Helioos stent, which was one kind of heart stent 
made by Chinese technology. This stent uses the L605 alloy as 
the metal and titanium oxide films as coating, the sirolimus as 
the releasing drug. The Helioos stent have been used for almost 
decade in world wide.

The relationship between the ECs morphology and the cy-
tokine secretion on parallel micro-stripes of High Molecular 
Weight Hyaluronic Acid (HMW-HA) coatings made on the TiOH 
surface [87]. The Nitric Oxide (NO), prostacyclin (PGI2), fibronec-
tin (Fn) release and thrombomodulin (TM), Tissue Factor Path-
way Inhibitor (TFPI), E- Selectin expression were increased with 
the L/B index enhanced of ECs on the surface [87]. Besides, the 
elongation of the ECs increased the anticoagulation property. 
From this research, the different sizes of micro-patterns of the 
coatings could regulate the ECs morphology-related function 
[87]. The HAa could change the HA from High Molecular Weight 
(HMW) to The Low Molecular Weight (LMW) [18]. Thus, Li et 
al. prepared a parallel micro-stripe with high molecular weight 
hyaluronic acid (HMW-HA) on NaOH-activated Ti surface. The 
stripes size was 25 μm wide ridges and 25 μm wide grooves 
[18]. The SMC were firstly cultured on the nanostructure sur-
face made of HMW-HA, which can effectively adjust the shape 
and behavior of SMC. After cultured for a while, HMW-HA de-
graded to LMW-HA by HAa, and then cultured ECs on the regu-
lated SMC, which could increase the adhesion ability and NO 
release of EC. This model is named as ‘SMCs-HAa-ECs’ system 
[18].

The subsequent work of parallel micro-stripes induce the pro-
liferation of SMC and ECs further elucidated the proliferation of 
‘SMCs-ECs’ collaboration system. The type IV collagen (ColIV) is 
the main component of the endothelial cell ECM thus, in their 
nest studied, an innovate co-culture model named “SMCs-ColIV-
ECs” was developed and found that the HUVEC on the “SMCs-
ColIV-ECs” model was large than that of on ‘SMCs-HAa-ECs’ 
system, and could release more PGI

2 and NO, for the fiber net-
work structure of ColIV enhance the adhesion and diffusion of 
HUVEC on the surface [94]. Besides, the spread of HUASMCs 
were inhibited by HMW-HA and behavior were controlled by 
the stripes [94]. Besides, To further investigated the effect of cell 
number on the “SMCs-ColIV-ECs” model, Li et al. utilized 1×105 

cells/ml EC and 2.5×104 cells/ml SMC to build a novel model 
on previous work to perfect the co-culture micro- environment 
[95]. The results showed that the HUVECs could covered the 
micro- patterned HUASMCs completely at this rate, and the an-
ticoagulation function of the HUVECs was increased compared 
with in previous models. The series researches on nondegrad-
able metal demonstrated that the HUASMC could increase the 
release of NO, TGF-β1 and other factors from EC, and these fac-
tors influence the phenotype and adhesion of SMC in reverse.

Compared with nondegradable metals, the degradation rate 
of biodegradable metals is a limitation on surface modification. 
Direct coating degradable material with biomolecules usually 

carries the risk of local defects, for helping in building electro-
chemical corrosion units and elevating corrosion rates [96]. In 
order to enhance the corrosion of biodegradable metals, differ-
ent surface passivation approaches have been explored, which 
basic principle is to block the ionic pathway [97]. Using NaOH 
and HF are popular to format a passivation layer to increase the 
corrosion rate and create a suitable surface for further modifi-
cation. Besides, the coating directly deposited on the metals is 
another choose. Chen et al. [96] using liquid phase deposition 
technology to deposit the TiO2 coating on Mg with PDA film, 
and inhibit the corrosion rate of magnesium. Magnesium, iron 
and zinc and their alloys have been identified as potential can-
didates for biodegradable metal implants, and they are all es-
sential elements for body and involved in many metabolic reac-
tions [98-101]. Li et al. developed a series of PDA/HA coatings 
with range HA molecular weight (MW, 4×103, 1×105, 5×105 and 
1×106 Da) onto the NaOH passivated Mg-Zn-Y-Nd alloy surface. 
The coatings with HA MW of 1×105 and 1×106 Da increased the 
corrosion resistance of Mg alloy, and the two kind of HA also en-
hance the hemocompatibility, pro-endothelialization, anti-hy-
perplasia and anti-inflammation functions compared with the 
alloy without the HA coating [35].

Figure 2: The micro-/nano-structure of stent surface inspired by 
ECM are make up by three factors: Mechanical properties, biomol-

ecules and morphology.

Conclusion

Reendothelialization of implanted stent surface has been 
considered as a promising strategy to solve some clinical prob-
lems. To realize reendothelialization, directly reducing coagula-
tion and thrombosis, repairing endothelium and inhibit the 
proliferation of SMCs by fixed drugs, proteins and antibody on 
the stent surface. While clinical application of cardiovascular 
stent may lead to thrombi, embolism, intimal hyperplasia, or 
late lumen loss. Although loaded drugs may confer immedi-
ate and significant therapeutic effects, cannot be guaranteed 
the long-term healing effects. The normal release surfaces are 
lack of a natural cardiovascular tissue, including morphology, 
structure and biological factors, more importantly, lacking ECM 
and SMC to immobilize EC. Therefore, providing a physiologi-
cal microenvironment for reendothelialization can maintain the 
structural and functional stability of the endothelium. Based on 
this accept, manufacturing biomimetic matrix is an innovation 
strategy to create a stability of endothelial structure and func-
tion. Figure 2 showed that the micro-/nano-structure of stent 
sure inspired by ECM are make up by three factors: Mechanical 
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properties, biomolecules and morphogy. The Bio-mimetic sur-
faces on stent materials are a challenging direction to regulate 
the cell by a more bionic. Bring biomolecules from ECM on sur-
face or remove some material from stent could create micro-/
nano-structure to mimetic the natural structure of vessel. In 
this review, reasonably designed micro-/nano-structure that 
regulate the direction and adhesion of cells are summarized. 
Appropriate micro-/nano-size characteristics and biomolecules 
are the main factors to build the artificial bionics to construction 
of vascular endothelial matrix and further enhance the reen-
dothelialization.

References

1. Jana S. Endothelialization of cardiovascular devices. Acta bioma-
terialia. 2019; 99: 53-71.

2. Martinez AW, Chaikof EL. Microfabrication and nanotechnology 
in stent design. Wiley Interdisciplinary Reviews: Nanomedicine 
and Nanobiotechnology. 2011; 3: 256-268.

3. Arsiwala A, Desai P, Patravale V. Recent advances in micro/nano-
scale biomedical implants. Journal of Controlled Release. 2014; 
189: 25-45.

4. C.D.J.E.H. Journal, Very late outcomes of drug-eluting stents: 
The ‘catch-down’ phenomenon. 2016; 45.

5. Capodanno D. Very late outcomes of drug-eluting stents: The 
‘catch-down’ phenomenon, Eur Heart J. 2016; 37: 3396-3398.

6. Yee DT, Koon JN, Huang Y, Hou PW, Leo HL, et al. Bioresorbable 
metals in cardiovascular stents: Material insights and progress. 
Materialia. 2020: 100727.

7. Liliensiek SJ, Nealey P, Murphy CJ. Characterization of endothe-
lial basement membrane nanotopography in rhesus macaque as 
a guide for vessel tissue engineering. Tissue Engineering Part A. 
2009; 15: 2643-2651.

8. Otsuka F, Finn AV, Yazdani SK, Nakano M, Kolodgie FD, et al. Cor-
rection: The importance of the endothelium in atherothrombo-
sis and coronary stenting. Nature Reviews Cardiology. 2013; 10: 
300.

9. Amorim S, Reis CA, Reis RL, Pires RA. Extracellular Matrix Mimics 
Using Hyaluronan-Based Biomaterials. Trends in Biotechnology. 
2020.

10. Anderson DE, Hinds MT. Endothelial cell micropatterning: Meth-
ods, effects, and applications. Annals of biomedical engineering. 
2011; 39: 2329-2345.

11. Kim DW, Gotlieb AI, Langille BL. In vivo modulation of endothe-
lial F-actin microfilaments by experimental alterations in shear 
stress. Arteriosclerosis: An Official Journal of the American Heart 
Association, Inc. 1989; 9: 439-445.

12. Fletcher DA, Mullins RD. Cell mechanics and the cytoskeleton. 
Nature. 2010; 463: 485-492.

13. Jana S, Levengood SK, Zhang M. Anisotropic materials for skel-
etal-muscle-tissue engineering. Advanced Materials. 2016; 28: 
10588-10612.

14. Palmaz JC, Benson A, Sprague EA. Influence of surface topogra-
phy on endothelialization of intravascular metallic material. Jour-
nal of vascular and interventional radiology. 1999; 10: 439-444.

15. Lu J, Rao MP, MacDonald NC, Khang D, Webster TJ. Improved 
endothelial cell adhesion and proliferation on patterned titani-
um surfaces with rationally designed, micrometer to nanometer 
features. Acta biomaterialia. 2008; 4: 192-201.

16. Lehmann K, Herklotz M, Espig M, Paumer T, Nitschke M, et al. 

A new approach to biofunctionalisation and micropatterning of 
multi-well plates. Biomaterials. 2010; 31: 8802-8809.

17. Yim EK, Reano RM, Pang SW, Yee AF, Chen CS, et al. Nanopattern-
induced changes in morphology and motility of smooth muscle 
cells. Biomaterials. 2005; 26: 5405-5413.

18. Li J, Li G, Zhang K, Liao Y, Yang P, et al. Co-culture of vascular endothe-
lial cells and smooth muscle cells by hyaluronic acid micro-pattern 
on titanium surface. Applied surface science. 2013; 273: 24-31.

19. Morgan JT, Wood JA, Shah NM, Hughbanks ML, Russell P, et al. 
Integration of basal topographic cues and apical shear stress in 
vascular endothelial cells. Biomaterials. 2012; 33: 4126-4135.

20. Heydarkhan-Hagvall S, Helenius G, Johansson BR, Li JY, Mattsson 
E, et al. Co-culture of endothelial cells and smooth muscle cells 
affects gene expression of angiogenic factors. Journal of cellular 
biochemistry. 2003; 89: 1250-1259.

21. Liliensiek SJ, Wood JA, Yong J, Auerbach R, Nealey PF, et al. Mod-
ulation of human vascular endothelial cell behaviors by nano-
topographic cues. Biomaterials. 2010; 31: 5418-5426.

22. Puleo DA, Bizios R. Biological Interactions on Materials Surfaces. 
2009.

23. Silva-Bermudez P, Rodil SE. An overview of protein adsorption 
on metal oxide coatings for biomedical implants. Surface and 
Coatings Technology. 2013; 233: 147-158.

24. Courtney JM, Lamba NM, Sundaram S, Forbes CD. Biomaterials for 
blood-contacting applications. Biomaterials. 1994; 15: 737-744.

25. Vogler EA. Protein adsorption in three dimensions. Biomaterials. 
2012; 33: 1201-1237.

26. Tulloch AW, Chun Y, Levi DS, Mohanchandra KP, Carman GP, et al. 
Super hydrophilic thin film nitinol demonstrates reduced plate-
let adhesion compared with commercially available endograft 
materials. Journal of Surgical Research. 2011; 171: 317-322.

27. Golas A, Yeh CH, Pitakjakpipop H, Siedlecki CA, Vogler EA. A com-
parison of blood factor XII autoactivation in buffer, protein cocktail, 
serum, and plasma solutions. Biomaterials. 2013; 34: 607-620.

28. Xu LC, Bauer JW, Siedlecki CA. Proteins, platelets, and blood 
coagulation at biomaterial interfaces. Colloids and Surfaces B: 
Biointerfaces. 2014; 124: 49-68.

29. Shabalovskaya S, Anderegg J, Van Humbeeck J. Critical overview 
of Nitinol surfaces and their modifications for medical applica-
tions. Acta biomaterialia. 2008; 4: 447-467.

30. Wu Y, Simonovsky FI, Ratner BD, Horbett TA. The role of ad-
sorbed fibrinogen in platelet adhesion to polyurethane surfac-
es: A comparison of surface hydrophobicity, protein adsorption, 
monoclonal antibody binding, and platelet adhesion. Journal of 
Biomedical Materials Research Part A: 2005; 74: 722-738.

31. Huang N, Yang P, Leng YX, Chen JY, Sun H, et al. Hemocompatibil-
ity of titanium oxide films. Biomaterials. 2003; 24: 2177-2187.

32. Hynes RO. The extracellular matrix: Not just pretty fibrils. Sci-
ence. 2009; 326: 1216-1219.

33. Badylak SF, Freytes DO, Gilbert TW. Extracellular matrix as a bio-
logical scaffold material: Structure and function. Acta biomate-
rialia. 2009; 5: 1-3.

34. Schaefer L, Schaefer RM. Proteoglycans: From structural com-
pounds to signaling molecules. Cell and tissue research. 2010; 
339: 237.

35. Li JA, Chen L, Zhang XQ, Guan SK. Enhancing biocompatibility 
and corrosion resistance of biodegradable Mg-Zn-Y-Nd alloy by 



preparing PDA/HA coating for potential application of cardiovas-
cular biomaterials. Materials Science and Engineering: C. 2020; 
109: 110607.

36. Li J, Zhang K, Wu J, Zhang L, Yang P, et al. Tailoring of the titani-
um surface by preparing cardiovascular endothelial extracellular 
matrix layer on the hyaluronic acid micro-pattern for improving 
biocompatibility. Colloids and Surfaces B: Biointerfaces. 2015; 
128: 201-210.

37. Anderson DE, Hinds MT. Extracellular matrix production and 
regulation in micropatterned endothelial cells. Biochemical and 
biophysical research communications. 2012; 427: 159-164.

38. Chalmeau J, Le Grimellec C, Sternick J, Vieu C. Patterned domains 
of supported phospholipid bilayer using microcontact printing 
of Pll-g-PEG molecules. Colloids and Surfaces B: Biointerfaces. 
2012; 89: 188-195.

39. Zhang F, Li G, Yang P, Qin W, Li C, et al. Fabrication of biomol-
ecule-PEG micropattern on titanium surface and its effects on 
platelet adhesion. Colloids and Surfaces B: Biointerfaces. 2013; 
102: 457-465.

40. Amorim S, A.Reis C, Reis L, A PiresR. Role of Hyaluronic Acid in 
the Homeostasis and Therapeutics of Temporomandibular Joint 
Osteoarthritis, Int. J. Morphol. 2017; 35: 870-876.

41. Cañibano-Hernández A, Saenz del Burgo L, Espona-Noguera A, 
Orive G, Hernández RM, et al. Hyaluronic Acid Promotes Differ-
entiation of Mesenchymal Stem Cells from Different Sources to-
ward Pancreatic Progenitors within Three-Dimensional Alginate 
Matrixes, Mol. Pharm. 2019; 16: 834-845.

42. Mereiter S, Martins ÁM, Gomes C, Balmaña M, Macedo JA, et al. 
O-glycan truncation enhances cancer-related functions of CD 44 
in gastric cancer. FEBS letters. 2019; 593: 1675-1689.

43. Senbanjo LT, Chellaiah MA. CD44: A multifunctional cell surface 
adhesion receptor is a regulator of progression and metasta-
sis of cancer cells. Frontiers in cell and developmental biology. 
2017; 5: 18.

44. Karousou E, Misra S, Ghatak S, Dobra K, Götte M, et al. Roles 
and targeting of the HAS/hyaluronan/CD44 molecular system in 
cancer. Matrix Biology. 2017; 59: 3-22.

45. Cowman MK, Schmidt TA, Raghavan P, Stecco A. Viscoelastic 
properties of hyaluronan in physiological conditions. F1000Re-
search. 2015; 4: 622.

46. Fallacara A, Baldini E, Manfredini S, Vertuani S. Hyaluronic acid 
in the third millennium. Polymers. 2018; 10: 701.

47. Price ZK, Lokman NA, Ricciardelli C. Differing roles of hyaluronan 
molecular weight on cancer cell behavior and chemotherapy re-
sistance. Cancers. 2018; 10: 482.

48. Cho MK, Lee GH, Park EY, Kim SG. Hyaluronic acid inhibits adhe-
sion of hepatic stellate cells in spite of its stimulation of DNA 
synthesis. Tissue and Cell. 2004; 36: 293-305.

49. Price RD, Berry MG, Navsaria HA. Hyaluronic acid: The scientific 
and clinical evidence. Journal of Plastic, Reconstructive & Aes-
thetic Surgery. 2007; 60: 1110-1119.

50. Ponnuraj K, Jedrzejas MJ. Mechanism of hyaluronan binding 
and degradation: Structure of Streptococcus pneumoniae hy-
aluronate lyase in complex with hyaluronic acid disaccharide at 
1.7 Å resolution. Journal of molecular biology. 2000; 299: 885-895.

51. Coelho-Sampaio T, Tenchov B, Nascimento MA, Hochman-
Mendez C, Morandi V, et al. Type IV collagen conforms to the 
organization of polylaminin adsorbed on planar substrata. Acta 
Biomaterialia. 2020; 111: 242-253.

7

MedDocs eBooks

Importance & Applications of Nanotechnology

52. Yao Y, Li X, Wang P, Xu Y, Lu G, et al. A di-self-crosslinking hyaluro-
nan-based hydrogel combined with type I collagen to construct 
a biomimetic injectable cartilage-filling scaffold, Acta Biomater. 
2020; 111: 197-207.

53. Gordon MK, Hahn RA. Collagens, Cell Tissue Res. 2010; 339: 
247-257.

54. Khoshnoodi J, Pedchenko V, Hudson BG. Mammalian collagen 
IV. Microscopy research and technique. 2008; 71: 357-370.

55. Choudhary S, Berhe M, Haberstroh KM, Webster TJ. Increased 
endothelial and vascular smooth muscle cell adhesion on nano-
structured titanium and CoCrMo, Journal of Cell Science. 1996; 
109: 713-726.

56. Arsiwala AM, Raval AJ, Patravale VB. Nanocoatings on implant-
able medical devices. Pharmaceutical Patent Analyst. 2013; 2: 
499-512.

57. Kriparamanan R, Aswath P, Zhou A, Tang L, Nguyen KT. Nano-
topography: Cellular responses to nanostructured materials. 
Journal of nanoscience and nanotechnology. 2006; 6: 1905-
1919.

58. Pelkmans L, Helenius A. Endocytosis via caveolae. Traffic. 2002; 
3: 311-320.

59. Gruenberg J. The endocytic pathway: A mosaic of domains. Na-
ture reviews Molecular cell biology. 2001; 2: 721-730.

60. Drummond DC, Noble CO, Hayes ME, Park JW, Kirpotin DB. Phar-
macokinetics and in vivo drug release rates in liposomal nano-
carrier development. Journal of pharmaceutical sciences. 2008; 
97: 4696-4740.

61. Westedt U, Barbu-Tudoran L, Schaper AK, Kalinowski M, Alfke H, 
et al. Effects of different application parameters on penetration 
characteristics and arterial vessel wall integrity after local nano-
particle delivery using a porous balloon catheter. European jour-
nal of pharmaceutics and biopharmaceutics. 2004; 58: 161-168.

62. Song CX, Labhasetwar V, Murphy H, Qu X, Humphrey WR, e al. 
Formulation and characterization of biodegradable nanopar-
ticles for intravascular local drug delivery. 1997; 43: 197-212.

63. Davda J, Labhasetwar V. Characterization of nanoparticle uptake 
by endothelial cells. International journal of pharmaceutics. 
2002; 233: 51-59.

64. Deshpande D, Devalapally H, Amiji M. Enhancement in anti-pro-
liferative effects of paclitaxel in aortic smooth muscle cells upon 
co-administration with ceramide using biodegradable polymeric 
nanoparticles. Pharmaceutical research. 2008; 25: 1936-1947.

65. Liu T, Zeng Z, Liu Y, Wang J, Maitz MF, et al. Surface modifica-
tion with dopamine and heparin/poly-L-lysine nanoparticles 
provides a favorable release behavior for the healing of vascular 
stent lesions. ACS applied materials & interfaces. 2014; 6: 8729-
8743.

66. Liu T, Liu Y, Chen Y, Liu S, Maitz MF, et al. Immobilization of hepa-
rin/poly-(L)-lysine nanoparticles on dopamine-coated surface to 
create a heparin density gradient for selective direction of platelet 
and vascular cells behavior, Acta Biomater. 2014; 10:1940-1954.

67. Li J, Wu F, Zhang K, He Z, Zou D, et al. Controlling molecular 
weight of hyaluronic acid conjugated on amine-rich surface: 
Toward better multifunctional biomaterials for cardiovascular 
implants. ACS applied materials & interfaces. 2017; 9: 30343-
30358.

68. Ta DV, Dunn A, Wasley TJ, Kay RW, Stringer J, et al. Nanosec-
ond laser textured superhydrophobic metallic surfaces and their 
chemical sensing applications. Applied Surface Science. 2015; 



8

MedDocs eBooks

Importance & Applications of Nanotechnology

357: 248-254.

69. Li S, Cui Z, Zhang W, Li Y, Li L, et al. Biocompatibility of micro/
nanostructures nitinol surface via nanosecond laser circularly 
scanning. Materials Letters. 2019; 255: 126591.

70. Nozaki K, Shinonaga T, Ebe N, Horiuchi N, Nakamura M, et al. 
Hierarchical periodic micro/nano-structures on nitinol and their 
influence on oriented endothelialization and anti-thrombosis, 
Mater Sci Eng C Mater Biol Appl. 2015; 57: 1-6.

71. Liu Y, Ren Z, Bai L, Zong M, Gao A, et al. Relationship between Ni 
release and cytocompatibility of Ni-Ti-O nanotubes prepared on 
biomedical NiTi alloy, Corrosion Science. 2017; 123: 209-216.

72. Le Guéhennec L, Soueidan A, Layrolle P, Amouriq Y. Surface 
treatments of titanium dental implants for rapid osseointegra-
tion. Dental materials. 2007; 23: 844-854.

73. Lu J, Yao C, Yang L, Webster TJ. Decreased platelet adhesion and 
enhanced endothelial cell functions on nano and submicron-
rough titanium stents. Tissue Engineering Part A. 2012; 18: 
1389-1398.

74. Mohan CC, Prabhath A, Cherian AM, Vadukumpully S, Nair SV, 
et al. Nanotextured stainless steel for improved corrosion resis-
tance and biological response in coronary stenting. Nanoscale. 
2015; 7: 832-841.

75. Shinonaga T, Tsukamoto M, Nagai A, Yamashita K, Hanawa T, et 
al. Cell spreading on titanium dioxide film formed and modified 
with aerosol beam and femtosecond laser. Applied surface sci-
ence. 2014; 288: 649-653.

76. Valverde A, Pérez-Álvarez L, Ruiz-Rubio L, Olivenza MA, Blanco 
MB, et al. Antibacterial hyaluronic acid/chitosan multilayers 
onto smooth and micropatterned titanium surfaces. Carbohy-
drate polymers. 2019; 207: 824-833.

77. Hang R, Gao A, Huang X, Wang X, Zhang X, et al. Antibacterial 
activity and cytocompatibility of Cu-Ti-O nanotubes. Journal of 
Biomedical Materials Research Part A. 2014; 102: 1850-1858.

78. Bai L, Wu R, Wang Y, Wang X, Zhang X, et al. Osteogenic and an-
giogenic activities of silicon-incorporated TiO 2 nanotube arrays. 
Journal of Materials Chemistry B. 2016; 4: 5548-5559.

79. Gao A, Hang R, Huang X, Zhao L, Zhang X, et al. The effects of 
titania nanotubes with embedded silver oxide nanoparticles on 
bacteria and osteoblasts. Biomaterials. 2014; 35: 4223-4235.

80. Peng L, Eltgroth ML, LaTempa TJ, Grimes CA, Desai TA. The effect 
of TiO2 nanotubes on endothelial function and smooth muscle 
proliferation. Biomaterials. 2009; 30: 1268-1272.

81. Gong Z, Hu Y, Gao F, Quan L, Liu T, et al. Effects of diameters and 
crystals of titanium dioxide nanotube arrays on blood compat-
ibility and endothelial cell behaviors. Colloids and Surfaces B: 
Biointerfaces. 2019; 184: 110521.

82. Zhang L, Liao X, Fok A, Ning C, Ng P, et al. Effect of crystalline 
phase changes in titania (TiO2) nanotube coatings on platelet 
adhesion and activation. Materials Science and Engineering: C. 
2018; 82: 91-101.

83. Mohammadi F, Golafshan N, Kharaziha M, Ashrafi A. Chitosan-
heparin nanoparticle coating on anodized NiTi for improvement 
of blood compatibility and biocompatibility. International jour-
nal of biological macromolecules. 2019; 127: 159-168.

84. Yang Y, Li X, Qiu H, Li P, Qi P, et al. Polydopamine modified TiO2 
nanotube arrays for long-term controlled elution of bivalirudin 
and improved hemocompatibility. ACS applied materials & in-
terfaces. 2017; 10: 7649-7660.

85. Zhong S, Luo R, Wang X, Tang L, Wu J, et al. Effects of polydop-

amine functionalized titanium dioxide nanotubes on endothelial 
cell and smooth muscle cell. Colloids and Surfaces B: Biointer-
faces. 2014; 116: 553-560.

86. Luo X, Yang P, Zhao A, Jiang L, Zou D, et al. The self-organized 
differentiation from MSCs into SMCs with manipulated micro/
Nano two-scale arrays on TiO2 surfaces for biomimetic con-
struction of vascular endothelial substratum. Materials Science 
and Engineering: C. 2020.

87. Li J, Zhang K, Yang P, Qin W, Li G, et al. Huang, Human vascular 
endothelial cell morphology and functional cytokine secretion 
influenced by different size of HA micro-pattern on titanium sub-
strate. 2013; 110: 199-207.

88. Tang J, Peng R, Ding J. The regulation of stem cell differentiation 
by cell-cell contact on micropatterned material surfaces, Bioma-
terials. 2010; 31: 2470-2476.

89. Zhu Y, Chen Y, Xu G, Ye X, He D, et al. Micropattern of nano-
hydroxyapatite/silk fibroin composite onto Ti alloy surface via 
template-assisted electrostatic spray deposition. Materials Sci-
ence and Engineering: C. 2012; 32: 390-394.

90. Wu F, Li J, Zhang K, He Z, Yang P, et al. Multifunctional coating 
based on hyaluronic acid and dopamine conjugate for potential 
application on surface modification of cardiovascular implanted 
devices. ACS applied materials & interfaces. 2016; 8: 109-121.

91. Kasemo B. Biocompatibility of titanium implants: Surface science 
aspects. Journal of Prosthetic Dentistry. 1983; 49: 832-837.

92. Sunny MC, Sharma CP. Titanium-protein interaction: Changes 
with oxide layer thickness. Journal of Biomaterials applications. 
1991; 6: 89-98.

93. Chu PK, Chen JY, Wang LP, Huang N. Plasma-surface modification 
of biomaterials. Materials Science and Engineering: R Reports. 
2002; 36: 143-206.

94. Li J, Zhang K, Xu Y, Chen J, Yang P, et al. A novel coculture model 
of HUVECs and HUASMCs by hyaluronic acid micropattern on 
titanium surface. Journal of Biomedical Materials Research Part 
A. 2014; 102: 1950-1960.

95. Li J, Zhang K, Wu J, Liao Y, Yang P, et al. Co-culture of endothe-
lial cells and patterned smooth muscle cells on titanium: Con-
struction with high density of endothelial cells and low density 
of smooth muscle cells. Biochemical and biophysical research 
communications. 2015; 456: 555-561.

96. Chen Y, Zhao S, Chen M, Zhang W, Mao J, et al. Sandwiched poly-
dopamine (PDA) layer for Titanium Dioxide (TiO2) coating on 
magnesium to enhance corrosion protection. Corrosion Science. 
2015; 96: 67-73.

97. Song GL, Dudney NJ, Li J, Sacci RL, Thomson JK. The possibility 
of forming a sacrificial anode coating for Mg. Corrosion science. 
2014; 87: 11-14.

98. Witte F. The history of biodegradable magnesium implants: A 
review. Acta biomaterialia. 2010; 6: 1680-1692.

99. Wang J, Witte F, Xi T, Zheng Y, Yang K, et al. Recommendation for 
modifying current cytotoxicity testing standards for biodegrad-
able magnesium-based materials. Acta biomaterialia. 2015; 21: 
237-249.

100. Frederickson CJ, Koh JY, Bush AI. The neurobiology of zinc in health 
and disease. Nature Reviews Neuroscience. 2005; 6: 449-462.

101. Papanikolaou G, KJT Pantopoulos A. Pharmacology, Iron metab-
olism and toxicity. 2005; 202: 199-211.


