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A B S T R A C T   

Late in-stent thrombus and restenosis still represent two major challenges in stents’ design. Surface treatment of 
stent is attracting attention due to the increasing importance of stenting intervention for coronary artery dis-
eases. Several surface engineering techniques have been utilised to improve the biological response in vivo on a 
wide range of biomedical devices. As a tailorable, precise, and ultra-fast process, laser surface engineering offers 
the potential to treat stent materials and fabricate various 3D textures, including grooves, pillars, nanowires, 
porous and freeform structures, while also modifying surface chemistry through nitridation, oxidation and 
coatings. Laser-based processes can reduce the biodegradable materials’ degradation rate, offering many ad-
vantages to improve stents’ performance, such as increased endothelialisation rate, prohibition of SMC prolif-
eration, reduced platelet adhesion and controlled corrosion and degradation. Nowadays, adequate research has 
been conducted on laser surface texturing and surface chemistry modification. Laser texturing on commercial 
stents has been also investigated and a promotion of performance of laser-textured stents has been proved. 

In this critical review, the influence of surface texture and surface chemistry on stents performance is firstly 
reviewed to understand the surface characteristics of stents required to facilitate cellular response. This is fol-
lowed by the explicit illustration of laser surface engineering of stents and/or related materials. Laser induced 
periodic surface structure (LIPSS) on stent materials is then explored, and finally the application of laser surface 
modification techniques on latest generation of stent devices is highlighted to provide future trends and research 
direction on laser surface engineering of stents.   

1. Introduction 

Nowadays, stenting is becoming a standard therapy for coronary 
artery diseases which are the number one cause of death worldwide 
every year. On one hand, extensive research has been carried out to 
improve stents performance by developing new alloy and polymer ma-
terials. But stents, including bare metal, drug eluting and biodegradable 
stents, still face many clinical challenges, such as in-stent thrombosis 
and restenosis. These problems are particularly important for biode-
gradable polymer stents [1], which showed increased rate of major 
adverse cardiac events [2,3] according to clinical data. On the other 
hand, surface modifications of topographic features and chemistry are 
important methods to improve the stents performance. 

Surface modification techniques, such as sandblasting, chemical 
etching, and plasma-based techniques, have been developed for decades 

and applied to a range of biomedical devices. Sandblasting and chemical 
etching are two economic and easy to access techniques. They are both 
compatible with relatively large biomedical components. The rough 
surface fabricated by sandblasting provides a great performance for 
orthopaedic and dental biomedical devices [4–6]. However, sand-
blasting is a non-selective surface treatment method and most impor-
tantly, the residues from abrasive material are commonly observed from 
sandblasted samples [7,8], and some particles such as alumina residue 
are harmful for human health [9]. Chemical etching is another method 
to fabricate rough surfaces, and it usually produces porous surface on 
metallic materials but could also modify polymers such as polyether 
ether ketone (PEEK) [10] and poly (L-lactide) (PLLA) [11]. The accom-
panied chemistry modification in chemical etching sometimes provides 
advantages for biomedical devices such as anti-bacterial and 
anti-infective properties [12]. But sometimes the chemical residues 
could also cause problems, and for example fluoride produced by 
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hydrofluoric acid (HF) used in chemical etching can potentially damage 
DNA [13]. Another drawback of chemical etching is that it is generally 
non-selective. Selective etching could be achieved through masks and 
selective infiltration etching [14], but the process then becomes more 
complex and costly due to the increase of processing steps,. Plasma and 
laser-based techniques are two additional types of surface treatments 
with a wide range of surface modification abilities, particularly useful to 
improve the performance of materials used in biomedical applications. 
They both have the ability for surface texturing, chemistry modification, 
functionalisation, roughening and coating [15,16]. Both processes are 
also contactless and have demonstrated to be effective and reliable to 
achieve repeatable surface modifications. Plasma is a useful technique 
for biomedical device applications, such as stents [17], bone-implants 
[18] and anti-biofilms [19]. Although plasma techniques can easily 
roughen the target material, freeform textures (e.g. nanopillar and 
porous surfaces) would require more control and precision through 
complex experiment set-up such as radiofrequency plasma [20] or 
masking processes [21]. But for laser processing, highly repeatable 
surface textures and freeform texture designs can be achieved through 
interference patterning and polarised lasers [22,23]. Laser-based pro-
cesses provide a larger range for texture design (from nano to micron 
scale) combined with surface chemistry modification capability. 
Furthermore, lasers have been successfully employed to texture curved 
surfaces [24]. Hence, this efficient, highly tailorable and precise tech-
nique could be applied to stents surface modification. 

Laser surface modification of stents is still a novel area, but the latest 
developments in laser technology is starting to demonstrate some 
unique advantages especially for stent surface modifications. Therefore, 
it is important to understand the function of different surface textures 
and surface chemistry on stent cellular response and performance in 
order to harness the power of laser surface engineering of stent. 

2. Effects of topography and surface chemistry on stents 

The two main clinical problems for stenting therapy are late-stent 
thrombus (LST) and in-stent restenosis (ISR). And they are original 
from the implantation process of stents. Expanding the artery during 
stent percutaneous transluminal angioplasty, leading to the de- 
endothelialisation, deep arterial injury and stretching [25]. On one 
hand, the injury of endothelial cells (EC) layer combined with the effect 
of deep artery injury leads to inflammation, platelet degranulation and 
coagulation, and thrombosis [26]. On the other hand, the external 
stimulation from stents materials also induces the proliferation and 
migration of smooth muscle cells (SMCs). As a result, the stimulation of 
SMCs and macrophages make the formation of intimal hyperplasia. 
Combined with the recovery of elastic stretching, treated coronary ar-
tery becomes narrow again and ISR happens [27]. Effort to improve the 
efficiency of stent therapy has been going on for decades. From the early 
generation of bare mental stents (BMS), drug eluting stents (DES) to 
biodegradable stents (BDS), various of materials [28–33] and surface 
coatings [30,34–36] have been investigated together with surface 
texturing and surface chemistry modifications to improve the stents 
performance and reduce ISR and LST rate.,. 

2.1. Influence of topographic features on stents performance 

Texturing is a key surface modification method for biomedical de-
vices/surfaces because the materials-cells interaction is largely affected 
by surface morphology and their mechanical properties. The influence 
of different textures varies according to different types of cells and 
extent, types and scales of topographic textures. It is crucial to under-
stand the stimuli of surface topography to endothelial cells, smooth 
muscle cells and platelets for stents application because these three types 

Abbreviations 

BAEC bovine aortic endothelial cell 
BDS biodegradable stent 
BMS bare metal stent 
CVD chemical vapour deposition 
DES drug eluting stent 
DLC diamond-like carbon 
DLIP direct laser interference patterning 
DRIE deep reactive ion etching 
DSC differential scanning calorimetry 
EC endothelial cell 
FTIR Fourier Transform Infrared Spectroscopy 
GPC gel permeation chromatography 
GPx glutathione peroxidase 
HAEC human aortic endothelial cell 
HAp hydroxyapatite 
HASMC human aortic smooth muscle cell 
HCAEC human coronary artery endothelial cell 
HCASMC human coronary artery smooth muscle cell 
HD high density 
HDMEC human dermal microvascular endothelial cell 
HF hydrofluoric acid 
HFC human fibroblast cell 
HUVEC human umbilical vein endothelial cell 
HUVSMC human umbilical vein smooth muscle cell 
ISR in-stent restenosis 
LCVD laser chemical vapour deposition 
LD low density 
LGN laser gas nitridation 
LIPSS laser induced periodic surface structures 

LST late-stent thrombus 
MD medium density 
NHDF normal human dermal fibroblasts 
NO nitrogen oxide 
PBMA poly (n-butyl methacrylate) 
PCL polycaprolactone 
PDMS poly (dimethyl siloxane) 
PEEK polyether ether ketone 
PEG polyethylene glycol 
PEVA polyethylene-co-vinyl acetate 
PLD pulsed laser deposition 
PLGA poly (lactic-co-glycolic acid) 
PLLA poly(L-lactide) 
PTFE polytetrafluoroethylene 
PU polyurethane 
PUU polyether(urethane urea) 
RAEC rat aortic endothelial cell 
RF plasma radiofrequency plasmas 
RMS root mean square 
SeDPA 3,3-diselenodipropionic acid 
SEM scanning electron microscope 
SIBS poly(styrene-b-isobutylene-b-styrene) 
SiC silicon carbide 
SMC smooth muscle cell 
SNAP S-Nitroso-N-acetyl-d-penicillamine 
SS stainless steel 
TIDE titanium inductively coupled plasma deep etch 
TiNOX titanium-nitride-oxide 
VSMC vascular smooth muscle cell 
WAXS Wide-angle X-ray scattering 
XPS X-ray photoelectron spectroscopy  

J. Dong et al.                                                                                                                                                                                                                                    



Bioactive Materials 10 (2022) 159–184

161

of cells have a vital role for restenosis and formation of in-stent 
thrombus. Common surface structures investigated for stents applica-
tions includes randomly roughened surface structures, grooved, tubular, 
porous structures, wired and spaghetti-like structures and combined 
hierarchical structures. Laser-based processing of stents is proved suc-
cessful to produce grooved and spotted structures from micron to nano 
scale, randomly roughened structures [37], pillar [38] and porous 
structures [39]. Pulsed-laser deposition can also produce nanowire 
structures [40]. Additionally, 3D freeform surface structures can also be 
achieved by polarised laser [41]. These structures are not only able to be 
fabricated by laser, but also common surface structure investigated for 

stent applications through other surface texturing techniques. The in-
fluence of textures on cells behaviour is universal regardless fabrication 
process, thus it is worth to review the biological influence of these tex-
tures fabricated by various surface texturing process. 

2.1.1. Effects of surface roughness on adhesion cells of blood vessels 
It is interesting that a random surface roughening process can pro-

vide a functional stents surface. Surface roughness can be modified 
through various surface treatment techniques such as blasting, grinding, 
plasma and laser treatments, and the modified roughness can be varied 
from nanoscale to macro-scale. It is noticed that the cellular response is 

Fig. 1. AFM images of five surface with different roughness made by Chung et al. [44]: (a) PU surface, Ra: 1.53 ± 0.20 nm; (b) PU-PEG (2000 PEG length) surface, Ra: 
20.10 ± 7.87 nm;(c) PU-PEG (mixing PEG length) surface, Ra: 39.79 ± 10.48 nm; (d) PU-PEG (mixing PEG length) surface coated with peptide, Ra: 18.63 ± 5.30 nm;(e) 
PU-PEG (mixing PEG length) surface coated with peptide, Ra: 34.58 ± 9.89 nm. 
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different depending on the types, size and morphology of cells, and 
furthermore this is also affected by the extent and geometry of surface 
roughness [42]. Hence, it is worth to review the response of ECs, SMCs 
and platelets to surfaces with different roughness, allowing evaluation of 
the influence of randomly roughened surfaces on biological response. 

Adhesion and migration of ECs could be promoted on surface with 
nano-to micro-scale roughness. Various surface roughnesses had been 
achieved on pure Ti through electron beam deposition by Lu et al. [43]. 
In their study, samples with RMS roughness varied from 0.4 nm to 14 nm 
were tested using the rat aortic endothelial cells (RAEC) for EC adhesion, 
proliferation, and migration. EC increased adhesion cell density and 
migration ability on surface with higher RMS roughness. A similar trend 
was also found on some polymeric materials. Chung et al. [44] fabri-
cated different PU-PEG surface with surface roughness Ra from 1.5 nm 
to 40 nm by grafting of PEG on to PU, and coated Gly–Arg–Gly–Asp 
peptide on the surface by photochemical technique to obtain different 
surface morphology (Fig. 1). Although peptide promoted adhesion of 
EC, the increasing of surface roughness also enhanced the EC adhesion 
and proliferation. The increasing of surface roughness in nanoscale in-
creases the surface area available for adsorption of more extracellular 
matrix protein such as vitronectin and fibronectin [43,45], which 
further encourage the adhesion of ECs on the surface. The increased 
ligand density on higher surface roughness sample provided more 
attachment point for cells. Another randomly roughed (Ti) surface was 
created by Khang et al. [46] by e-beam vapour deposition to promote 
endothelialisation. Alteration of deposition parameters produced two 
surfaces with RMS of 1 nm and 14 nm, respectively. The comparisons of 
RAEC adhesion on different surfaces were made by a combination of 
grooved and porous structures, in which a flat valley bottom and a 
textured peak top were fabricated. To avoid the influence of grooved 
structure, which will influence the cell attachment behaviour, they 
manufactured a sample with flat groove top and flat groove bottom 
surfaces to exclude the influence of grooves and the results showed a 
non-selective adhesion of RAECs on both top and bottom surfaces. This 
research reported the potential to promote endothelialisation of the 
randomly roughened surface. But this setup might not be suitable for 
attachment comparison because some cells proved to attach to grooves 
in both ridges and valleys areas. However, the influence of higher 
roughness, i.e. submicron and micron scale roughness, could differ 
because the size of ECs is in the micron scale. For instance, research from 
Xu et al. [47] and Zhou et al. [48] reported two conflicting results on 

surfaces with roughness in the microscale region: they revealed 
respectively a lower [47] and higher [48] adhesion of human coronary 
artery ECs. A possible reason of this could be due to surface morphol-
ogies achieved by different manufacturing processes. Surface from Xu 
et al. [47] was created by electrospinning and the morphology is much 
different from the randomly roughened surface from blasting, etching 
and deposition. 

SMCs have different responses on surfaces with different roughness. 
Choudhary et al. [45] prepared different surface roughness on 
commercially pure Ti and CoCrMo using cold compression metallurgy. 
Rat aortic smooth muscle cells were utilised for cell adhesion and 
viability tests. The results showed that the surface with higher roughness 
had much higher adhesion of SMC, even higher than those on tissue 
culture polystyrene. However, it was also noticed that the adhesion of 
SMCs increased more than ECs, and the promotion for both SMCs and 
ECs is much visible on CoCrMo materials. A systematic analysis of the 
influence of different surface roughness on ECs and SMCs response was 
made by Zhou et al. [48]. A gradient surface roughness (Sa) ranging 
from 0.1 μm to 2.0 μm was created by acid etching on Mg alloy (Fig. 2). 
Although it was found that, proliferation of ECs was slightly prohibited 
with anti-corrosion coating in general, it was also found that with 
anti-corrosion coating ECs exhibited a promoted adhesion and prolif-
eration at roughness between 1 μm and 2 μm, while the proliferation of 
SMCs was prohibited on all samples especially on surface with rough-
ness above 0.7 μm. This also indicated that the influence of topography 
is more obvious than the influence of Mg2+ concentration. Cell 
morphology analysis showed that ECs are more flattened and attached 
firmly on the surface at lower Sa (≤0.7 μm) but tended to attach 
exclusively onto the top of ridges and have more elongated shape and 
filopodia at higher Sa (≥1.0 μm). Interestingly SMCs became more 
elongated, thicker and well-organized at surface roughness below 0.7 
μm but become more contractive and smaller on surfaces with Sa ≥1.0 
μm. It seems that the lower surface roughness in nanoscale could pro-
mote both ECs and SMCs growth due to large surface area facilitating 
protein adsorption, but in surface with micron-scale roughness the 
promotion is selective for ECs over SMCs. One possible reason could be 
the change on cell stiffness with varied extent of focal adhesion as shown 
by the different morphology, considering the different thresholds of 
directed migration or contact guidance for ECs and SMCs [49]. In this 
experiment, the roughness threshold for promotion of SMCs prolifera-
tion is around 1.0 μm. This threshold could be further explained by the 

Fig. 2. SEM images of Mg surface with gradient roughness engineered by chemical etching, from Zhou et al. [48]. Scale bar is 50 μm.  
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contact and migration mechanism through filopodia and focal adhesions 
which act as mechanical sensors during interaction [48]. These sensors 
on different cells have their own topography preferences and are differ 
for ECs and SMCs on surface with micron-scale roughness. 

Platelet adhesion on randomly roughed surfaces varies according to 
different roughness and surface wettability. On the one hand, in nano-
scale roughness range, it seems that increasing roughness decreases 
platelet adhesion. Lu et al. [43] fabricated surface roughness (RMS) in 
the nanoscale region (0.4 nm, 1.15 nm, 14 nm), the 30 min platelet 
adhesion test showed that the surface with higher roughness has lower 
platelet adhesion, and platelets density on 14 nm roughness sample is 
2–3 times lower than the 0.4 nm sample. On the other hand, in 
submicron-scale roughness range, the trend is opposite. Linneweber 
et al. [50] indicated the platelet adhesion increases with increasing 
surface roughness among three sample with nano to submicron rough-
ness (0.05 μm, 0.20 μm, 40 μm). In these cases, the materials are pure 
titanium [43] and Ti6Al4V titanium alloys [50], and the results showed 
that there might be a threshold of roughness in nano scale to obtain low 
platelet adhesion. There are also other things to be considered for 
platelet adhesion, such as hydrophilicity and protein adsorption. In both 
study [43,50], higher protein absorption was found on surface with 
higher surface roughness, and in research in the nanoscale region [43], 
there was an increased hydrophilicity with increasing roughness. High 
hydrophilicity and high protein absorption on the surface are usually 
considered to be preferable for platelet adhesion [50,51], but a decrease 
in platelet adhesion has also been reported in another study [43] where 
the surface with lower hydrophilicity obtained the highest platelet 
adhesion among three surfaces. Hence, the nanoscale surface roughness 
and surface hydrophilicity need to be considered together in exploration 
of their potential for stents application. Collectively, randomly rough-
ened surfaces have demonstrated potential for stents surface texturing 
by promoting endothelialisation, preventing SMC growth and platelet 
adhesion. It is worth to investigate further on the threshold promotion of 
proliferation and platelet adhesion and propose proper surface rough-
ness ranges for stents application. 

2.1.2. Grooved structures 
Grooved surface structures have also been widely investigated 

because of their ease of fabrication and their potential to elongate SMCs 
which have been observed in various previous studies. 

Groove structures can promote the proliferation of endothelial cells, 
and the geometrical dimension of grooves could affect endothelial cells 
behaviours. Vandrangi et al. [52] produced grating-like grooved sub-
micrometric pattern on titanium and silicon surfaces by lithographic 
patterning, investigating the influence of texture on the growth of 
human endothelia cells. The grating-like structure is created from a 
complex process combining plasma deposition, lithographic patterning, 
Ti deep reactive ion etching (Ti DRIE) and F-based dry etching. Grating 
structure is grooved-based with 8 different grooves width (0.5 μm, 0.75 
μm, 1 μm, 2.5 μm, 5 μm, 10 μm, 25 μm, 50 μm) and fixed groove depth of 
1.3 μm, resulting in grating pitch twice the groove width. EC culture 
results after 5 days clearly indicated that the cell density is highly 
influenced by the groove width (i.e. ridge width or grating pitch). Lower 
groove width resulted in higher cell density at 5 days: cell density on 0.5 
μm sample is around 3 times of unpatterned sample while cell density on 
50 μm sample is similar with unpatterned sample. The sample with 
lower groove width also resulted in a better EC-related protein expres-
sion. This grating-like structure successfully promoted EC adhesion, 
proliferation, elongation, and orientation. Results from different groove 
widths also proved the positive effect of ligand density, i.e., groove ridge 
density in this research, on EC adhesion and growth as ECs are bigger 
than groove width in this research and are more preferable to attach on 
groove ridges. However, the increasing ligand density could also cause 
increasing adhesion of other cells such as SMC and platelets, therefore 
there should be more investigation on the function of other 
vessel-related cells to prove the whole effect of this surface structure on 

stents. It is also found that the proliferation and migration of ECs are 
strongly influenced by groove width, depth, and other geometrical 
dimension of groove textures. Lu et al. [53] investigated the influence of 
spacing between grooves on the growth of ECs. They utilised lithography 
patterning and titanium inductively coupled plasma deep etch (TIDE) 
techniques to create grooves on titanium. TIDE is an efficient plasma dry 
etching micromachining technique based on anisotropic dry etching of 
Ti in chlorine/argon plasma. The gentle machining mechanism could 
pattern surface without debris or damage to minimize the 
post-processing steps. Quality rectangle and trapezoid grooves were 
fabricated on the Ti surface with different spacing. Cell culture results 
clearly showed the strong cell adhesion after 4 h cell culture on nano and 
sub-micrometre scale surface textures. Cell density characterisation in 
the following days indicated the negative correlation between cell 
density and grooves spacing. Cell alignment and density are thus posi-
tively correlative with ridge density. Another research reported EC cells 
aligned within the grooves with 30 μm depth but orientated randomly 
over the ridges [54]. The possible reason is that the high ridge density 
provides more cell binding sites and the cells are mainly above ridges (e. 
g. valleys) because the groove depth created in this study (below 0.5 μm) 
is lower than ECs thickness. This research provides guidance for pro-
motion of ECs growth, indicating that a nano-scale groove patterning on 
stents is more likely to promote endothelialisation. However, the in-
fluence of groove depth is not investigated and discussed. 

Groove structure also has a function to promote the elongation and 
orientation of smooth muscle cells and fibroblasts. It is also noticeable 
that the proliferation of SMC is prevented on some groove structures. 
Another microgroove-structure was fabricated through 
photolithography-replication methods by Biela et al. [49]. The master 
silicon was treated by photolithography technique to obtain different 
groove depths (50, 100 and 200 nm) and groove width (2, 3, 5 and 10 
μm). The textured surface was then utilised as a mould to texture the 
poly (dimethyl siloxane) (PDMS) substrates. Human coronary artery 
endothelial cells (HCAECs), human coronary artery smooth muscle cells 
(HCASMCs) and human fibroblast cells (HFCs) were cultured on the 
textured PDMS surface with different groove depth and width. All three 
types of cells showed a stronger response on the surface with smaller 
width and larger groove depth. HFC was more sensitive to surface 
texture and had a stronger alignment and orientation, but elongation of 
SMC and EC is not as clear as HFC has a bit elongation and orientation. 
Additionally, elongation of SMC and EC is also not sensitive of groove 
depth and width. These results are due to the natural shape and the 
organisation of cells in tissue. Groove structures have strong influence 
on the elongation, orientation and migration such as the response of 
melanocytes on grooved PDMS [55]. The natural shapes of HFC and 
melanocytes are elongated, thus they are more sensitive to groove 
morphology. The shape of EC is round and tight cellular junctions are 
formed as endothelium, hence the guidance of groove structure is not 
obvious. The response of SMC could not be explained by the shape since 
the natural shape of SMC is similar to HFC. Consideration of other 
stimulation is necessary rather than just grooved topographic features 
are required. 

Another grooved PDMS surface by photolithography-replication 
process was fabricated by Chang et al. [56]. The grooves are 3 μm in 
width and 5 μm in height. Vascular smooth muscle cells (VSMC) culture 
results showed the promotion of VSMC elongation and orientation but 
inhibition of proliferation. Authors revealed that the elongated VSMC 
were found to be more contractile than synthetic flat shape (Fig. 3). The 
VSMC on flat surface is more synthetic and epithelial-like, both the 
morphology, gene expression and biochemical features of flat VSMC are 
very similar to neointimal cells of the injured artery. This hypothesis 
from authors explained the reduced proliferation of elongated VSMC, 
but more importantly it provides another direction for surface engi-
neering of stents, as it is also possible to convert SMC to more contractile 
phenotype to reduce the proliferation of SMC. 

Platelet adhesion is also affected by groove surface structure. Ding 
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et al. [57] investigated the platelet adhesion and activation on groove- 
and pillar-textured, titanium oxide (TiO2) coated surface. The ridged 
width for groove structure is fixed. Two adhesion modes were found for 
platelet adhesion, bridging and full-contact, on surface with different 
groove width and pillar interspacing. The thresholds of mode changing 
for grooves and pillar interspacing are 2 μm and 3 μm respectively, 
which is similar to the size of platelets. Any interspace above this would 
lead to platelet attachment on the surface through full-contact mode. 
Results showed that platelet adhesion on activation via increased 
bridging was found only on lower groove width and it is higher than 
those on pillar patterned surface, which has relatively constant platelet 
adhesion rate at bridging mode. For platelet adhesion at full-contact 
mode, decreased platelet adhesion and activation were found on sur-
face with larger lower pillar interspace, but for groove texture, increased 
activation and decreased adhesion were found on surface with larger 
groove width. The trend for surfaces with pillar textures could be 
explained that decreased pillar interspace increased contact surface 
area, but for small pillar interspace, platelet attaches at ridging mode 
and the change of attach area (i.e. the top surface of pillar) is not obvious 
when the pillar interspace is changing. This could also be related to the 
surface hydrophilicity as low hydrophilicity reduced the adhesion of 
platelets [58] and in this research the water contact angle decreased 
with decreased pillar interspaces. It is most fascinating to find that the 
activation and adhesion of platelet on surfaces with 0.5 μm groove width 
are much higher than other samples: around 50%–100% more than 
other samples for activation degree and 1 to 2 times more for adhesion 
rate. This result might relate to the high anisotropy for this sample. 0.5 
μm groove width was significantly lower than platelet size (1–2 μm), 
thus the influence of high anisotropy was evident. High anisotropy could 
guide cell contacts, this could lead to the activation process of platelet 
[59], activated platelets then attracts more adhesion of platelets. 
Another research from Bui et al. [60] investigated the platelet adhesion 
and activation on grooved surface with 100 nm and 500 nm groove 
width. Results showed that 100 nm sample got a lower platelet adhesion 
and activation, which seems to conflict findings from Ding et al. [57]. 
However, there are several reasons behind this difference. Firstly, the 
ridged width is the same as the groove width in this research while 
research of Ding et al. [57] utilised a fixed ridged width when they 
changed the groove width. Thus, 100 nm samples not only have a 
decreased groove width, but also increased ligand density. Increasing 
ligand density could reduce the elongation guidance of groove structure 
as platelet has more chance to migrate and growth perpendicular to the 
groove direction. Secondly, 100 nm sample has much lower groove 

depth than 500 nm samples, this also reduce the guidance of groove 
structure. As a results of increase ligand density and decreased groove 
depth, the platelet adhesion and activation on 100 nm sample is lower 
than 500 nm sample [60]. 

Grooved surface could be produced by many techniques, and thus 
has wide potential for surface modification of stents and related mate-
rials. The above studies have proved the efficiency of grooved surface 
structure, but the influence of groove dimension, such as relationship 
between the promoted proliferation of ECs, platelet activation and 
groove dimension, have not been systematically analysed. The possi-
bility to improve endothelialisation and selectively prevention of SMCs 
growth as well as to combine with surface chemistry modification also 
need more investigation. 

2.1.3. Tubular and pillar structures 
Nanotubular surfaces could potentially induce quick endotheliali-

sation. Sharp and dense nanotubular surface structures were produced 
on a CoCr alloy, MP35 N by Loya et al. [61] through RF plasma. The 
nanopillars have high aspect ratio (>10:1), with an average height of 3 
μm and average diameter of 220 nm (Fig. 4). Although the surface 
chemistry did not exhibit obvious changes after RF plasma treatment, 
the hydrophilicity dramatically increased. Bovine aortic endothelial 
cells (BAEC) cultured on the nanopillar surfaces revealed low oxidative 
stress and presence of peri-junctional cortical band of filamentous actin, 
while the untreated surface has relatively higher oxidative stress and 
absence of filamentous actin between cells, proving the increased 
biocompatibility of the textured surface. This sharp, dense nanotubular 
surface structure provides a lot of attachment points for BAECs as the 
nanotubular structures also increase surface area for cell attachment, 
thus increasing the proliferation and migration of BAECs. Hence, this 
nanotubular surface structures could potentially encourage endotheli-
alisation. Still, effect on VSMCs and platelets should also be investigated 
to provide a complete view of the function of this type of structures. 
There is another evidence for fast endothelialisation of nanopillar 
structures from Csaderova et al. [62], who textured polycaprolactone 
(PCL) through duplication method. Silicon wafers masters were fabri-
cated by electron beam lithography, and nanopillars on PCL was hot 
embossed by melt moulding and hot pressed. The size of nanopillars was 
around 100 nm in diameter, 115 nm in height and a pitch of 300 nm. 
Human fibroblasts (hTERT) and endothelial cells (b.End3) were cultured 
on both flat surface and the surface with nanopillars. Results showed 
clearly that hTERT cells grew slower but b.End3 cells grew faster on the 
surface with nanopillar after 96 h. To exclude the influence of air 

Fig. 3. Different shape of smooth muscle cells under different condition, replotted from Chang et al. [56].  

J. Dong et al.                                                                                                                                                                                                                                    



Bioactive Materials 10 (2022) 159–184

165

bubbles captured by nanostructure on the cell growth, different coatings 
were used but same results were observed. It is indicated by researchers 
that the prevention of fibroblast cells is due to the inadequate ligand 
density on the treated surface, but the reason for the promoted endo-
thelial cell growth was not provided. The possible reason could still be 
related to the ligand density and natural cell shape of ECs. The hTERT 
cells on the flat surface is more extended with size around 200 μm in 
length and 50 μm in width, while the b.End3 cells on nanopillar surface 
is more round with size around 100 μm in diameter. It is anticipated that 
the lack of guidance on migration due to absence of pattern surface 
restricted the elongation of fibroblast cells, but the multidirectional 
lattice of micropillars still can support the proliferation and migration of 
round endothelial cells. Overall, nanopillar or nanotubular structures 
could promote increased endothelial cell growth, even when different 
shapes and sizes are considered. 

Nanotubular surface structures could also prevent the proliferation 
of SMCs. Lee et al. [63] utilised anodization method to produce nano-
tubular structures on nitinol foils. The nanotubes were around 100 nm in 
diameter and mainly formed by NiO and TiO2. The selected topography 
resulted in a promotion of the growth and elongation of human aortic 
endothelial cells (HAEC) and the prevention of the proliferation of 
human aortic smooth muscle cells (HASMC). It is indicated that this 
surface has a high potential to promote the endothelialisation and pre-
vent the neointima. 

The function of nanotubular surface structure on platelet adhesion is 
related to the pillar interspace and pillar top surface. Milner et al. [64] 
fabricated nanopillar on polyether (urethane urea) (PUU) by lithog-
raphy two-stage replication moulding. Two interspaces with the same 
dimension of the pillar diameter were utilised for texturing of surface 

with 400 nm and 700 nm nanotubular, while the depth for these two 
textures was kept similar. The platelet adhesion test was processed at 
different sheer forces in phosphate-buffered saline. All samples present a 
low platelet adhesion at high sheer force, but at lower sheer force, the 
sample with 400 nm depth showed the lowest adhesion, and the un-
treated surface showed the highest adhesion. This may relate to the 
small attachment area available as the platelets are all observed 
adherent to the top of the pillars. Another research from Ding et al. [57] 
derived similar results when platelets attached on the top surface 
(Fig. 5). There is a threshold around 2–3 μm for pillar interspace (with 
dimensions as the pillar diameter) between bridging adhesion and 
full-contact adhesion. At low pillar interspace range (i.e. bridging 
adhesion mode) platelets adhesion rate decreased with the decreased 
interspace. At full-contact mode, adhesion rate decreased with increased 
interspace. This might also relate to the reduced attachment area: the 
attachment area reduced with decreasing of pillar interspace at bridging 
mode due to the reduced top surface area but increased with decreasing 
of pillar interspace at full-contact mode due to the increasing of surface 
area. It is noticed that almost all samples except the 16 μm samples 
showed higher adhesion rate compared with flat sample. The reason was 
not explained but could be that the radio frequency (RF) sputtering 
deposited TiO2 surface could has small roughness [65] which might 
reduce the adhesion of platelets. In summary, the nanopillar surface can 
be designed to control platelet adhesion, indicating the possibility of 
application for stent surface topography. 

The selective promotion of endothelialisation over prevention of 
SMC growth and reduced platelet adhesion at selected pillar interspace 
and diameter are two impressive achievements of nanopillar or nano-
tubular surface structures. Still, it is not easy to fabricate this texture 

Fig. 4. Nanopillar surface structure on CoCr made through RF plasma from Loya et al. [61] at (a) low magnification (b) high magnification.  

Fig. 5. Platelet adhesion results showed the different attachment mode and different activation condition: (a) Bridging mode of platelet, pillar interspace and 
diameter are 0.5 μm; (b) Full-contact mode of platelet, pillar interspace and diameter are 4 μm. From Ding et al. [57]. 
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with desired chemistry on stents because nanopillar fabrication process 
is usually accompanied by unavoidable chemistry modification. 
Expanding the possible fabrication methods on polymeric materials is 
also essential as the lithography two-stage replication moulding is not 
well suited for the fabrication process of stents. 

2.1.4. Porous structures 
Porous or crater-like surface structures are another type of geometry 

utilised in biomedical devices, especially for orthopaedic applications. 
However, the pits or porous structures can potentially be applied on 
stents too. 

Some studies reported on the effect of porous surfaces on endothelial 
cells, but negligible promotion was reported. Macro (pore diameter of 
1–1.5 μm) and nano (pore diameter <15 nm) porous surfaces were made 
on silicon by Formentín et al. [66] through etching. Human aortic 
endothelial cells were subsequently cultured to check the cell viability. 
Both macro and nano porous surfaces hindered the growth of ECs after 9 
days. The cell exhibited round shape on nano porous surfaces indicating 
the poor attachment of cells. Similar results were also reported by 
Casillo et al. [67]. They investigated the attachment and growth of 
human umbilical vein endothelial cells on porous silicon with 3 and 0.5 
μm pore sizes. Porous surfaces with smaller pore size resulted in fewer 
focal adhesion and shorter fibronectin fibrils after 24 h, indicating the 
poor adhesion of ECs on the surface. 

Porous surface structures have the potential to affect platelet adhe-
sion. Two porous alumina membranes surfaces with 20 nm and 200 nm 
pore size were used for whole blood contact tests [69]. The results 
showed that platelets on 20 nm sample have been activated, but plate-
lets were hardly seen on 200 nm sample (Fig. 6). This study indicated the 
importance of texture size for platelet adhesion and activation. 

Porous surfaces are not normally favourable for stents because the 
environment in which they operate is not porous, and the flowability of 
blood on the porous surface will be influenced as porous surface has 
large areas to trap blood. But porous structures still have the potential to 
reduce platelet adhesion and activation. The function is also related to 
the size of features and cooperation of blood cells and protein adsorp-
tion. Thus, it is worth exploring further on the influence of porous or 
crater-like texture on stent performance. Although porous surface was 
indicated to be not sufficient to promote endothelialisation, it could still 
offer potential applications for polymer-free drug-eluting stent surfaces. 

The porous surface could act as drug-carrier, but the quick releasing of 
drug is another problem which needs to be considered [68]. 

2.1.5. Wired and spaghetti-like structure 
Nanowires and spaghetti-like structures have attracted some interest 

in recent years, as they are very different comparing to regular surface 
structures. Their fabrication methods are relatively complex, but nano-
wire structures proved good performance for their application on stents. 

A nanowire structure shown in Fig. 7a was created on aluminium 
oxide through chemical vapour deposition (CVD) by Aktas et al. [71]. 
Two different nanowire densities, low density (LD) and high density 
(HD) were fabricated on the aluminium oxide and then human umbilical 
vein endothelial cells (HUVEC) and human umbilical vein smooth 
muscle cells (HUVSMC) were cultured on the textured surfaces. The 
results indicated that the attachment on the textured surface of both 
HUVEC and HUVSMC decreased compared with normal aluminium 
oxide. HUVECs had a delayed proliferation on the HD nanowired surface 
and both HUVEC and HUVSMC has an abnormal morphology on HD 
surface. Further cell morphology analysis proved that the HD surface is 
not suitable for cell attachment and proliferation. On the other hand, 
although the attachment and proliferation of HUVECs is still not as good 
as on non-treated surface and smooth glass surfaces, the LD surface 
selectively promoted the attachment and proliferation of HUVECs. In 
total, this nanowire surface has potential to selectively promote endo-
thelialisation instead of the growth of SMCs, but there is still a poor 
attachment and proliferation of ECs on the surface compared with 
non-treated surfaces. Another method to fabricate nanowires structures 
on stents (Fig. 7b) was proposed by Mohan et al. [72], who claimed the 
selective promotion of the proliferation of HUVECs and less in-stents 
restenosis. The nanowire surface structures were fabricated by thermal 
hydrolysis of Ti coatings which is sputter coated (also known as CVD) on 
stainless steel. This surface is super hydrophilic and the 72 h prolifera-
tion after cell culture shows that ECs grew much better on textured 
surface than bare surface although the initial adhesion on textured 
surface is weak. Another interesting finding is that the proliferation of 
SMCs was obviously inhibited on textured surfaces compared with bare 
surface. Further in vivo implantation in rabbit iliac arteries shows the 
reduced neointimal hyperplasia of textured stents than bare stents. 
Additionally, the textured stents clearly showed the well coverage of 
ECs, indicating the quick endothelialisation. Suitable mechanical 

Fig. 6. SEM images: (a, c) 20 nm porous alumina surface; (b, d) 200 nm porous alumina surface after whole blood contact test, from Ferraz et al. [69]. The arrows and 
circles indicate the platelets. 
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properties such as crack resistance and radial stiffness were also indi-
cated in another research [73]. Hence, the nanowire surface structures 
showed significant selective promotion of endothelialisation and may be 
applied to modify stent surface and reduce in-stents restenosis. The se-
lective promotion of endothelisation could be due to the surface 
morphology. The nanowire structures provide plenty attach points of 
HUVECs, but the isotropic morphology prevents the elongation of SMCs 
because of the lack of guidance from surface structures. However, 
because the surface structure is created by thermal hydrolysis in NaOH, 
the contribution of surface structure to endothelialisation would be 
clearer if information on surface chemistry would have also been 
included. 

The nanowire structure exhibits good performance showing poten-
tial to selectively promote ECs growth while prevent the growth of 
SMCs, which is essential for stents. One problem is that this structure is 
mainly produced by vapour deposition and hardly fabricated by other 
techniques. There should be further investigation on the production of 
nanowires by other surface modification techniques. 

2.1.6. Combined and hierarchical structure 
The combination of different textures could induce a more efficient 

improvement in stents performance, even better than single surface 
structures, as it could make hierarchical structures available on defined 
areas. 

Micropores and microgrooves on biomedical nitinol alloy (NiTi) 

were created through grinding, chemical pickling, plasma nanocoating 
and their combination by Shen et al. [74] as shown in Fig. 8. The original 
surface was firstly polished, followed by different surface treatment to 
obtain different geometries, including grinding for microgrooves, 
chemical pickling for micropores, grounding with chemical pickling for 
microgrooves with micropores. The micropores were all randomly 
distributed on the surface and microgrooves were unidirectional, the 
distance between two grooves was approximately 2.5 μm and the dis-
tance between two pores was 3 μm. The size of the pores and grooves 
respectively was around 1 μm and 0.5 μm. Plasma processing was used 
to deposit SiOx:H on the surface. As characterised, plasma flattened the 
polished surface, and did not change the morphology of other treated 
surfaces. The results showed that the microgroove-micropores topog-
raphy had highest ECs cells adhesion, and the SiOx:H plasma nano-
coating significantly increased ECs proliferation and adhesion 
performance. According to the size of the microgrooves and micropores, 
the micro-size topography played a role to induce cell orientation and 
cell proliferation. The influence of certain element on the surface to the 
cellular response is not clear because the plasma coated Si, C and O on 
the surface together. However, some studies proved that the carbon 
coating on the surface did not make a significant difference [75], while 
some researchers proved the positive effect of oxygen on endotheliali-
sation [76]. Thus, this combination of microgrooves and micropores was 
proved to be a potential method to improve performance of stents, 
although it would also require further consideration on the possibility of 
simultaneous surface chemistry modification. 

Kiefer et al. [77] creatively combined CVD and laser surface treat-
ment to produce a novel nanowire/micropits aluminium–aluminium 
oxide (Al/Al2O3) multi-phase surface topography on the biocompatible 
glass as shown in Fig. 9. CVD was firstly used to produce the 
spaghetti-like nanowire structures on the surface and then Nd:YAG laser 
was used to generate spot arrays on the nanowire structure. These were 
45–50 μm in diameter, 100 nm in depth and 150 μm in interspacing. The 
secondary random porous structure was produced by laser within the 
micro-pits because of the rapid heating and cooling. HUVEC and 
HUVSMC were cultured on the treated surfaces. Compared with 
HUVSMC, HUVEC had better attachment and proliferation on both 
nanowire structure and multi-phase structure. The proliferation of 
HUVSMC was greatly hindered on both treated surfaces. However, both 
HUVEC and HUVSMC showed a lower activity and slower growth on the 
treated surface than control bare glasses. This research indicated the 
selective prevention of HUVSMC on both nanowire and nano-
wire/micropits structures, but the decreased activity and growth rate of 
HUVEC should also be addressed in any future study. 

The study of combination of different textures still needs more in-
vestigations as the combined texture is not always efficient for the 
functionality designed. However, combination of various type and 
shapes of texture across micro and nano scales might have different and 
more interesting function, which needs more novel design and careful 

Fig. 7. Nanowire structures fabricated by CVD from (a) Aktas et al. [71] (b) Mohan et al. [73].  

Fig. 8. SEM image of hierarchical surface texture with pores and grooves 
fabricated from chemical pickling and grinding, from Shen et al. [74]. 

J. Dong et al.                                                                                                                                                                                                                                    



Bioactive Materials 10 (2022) 159–184

168

consideration. 

2.1.7. Summary of topographical effects 
Surface topography affects many surface properties such as wetta-

bility, protein adsorption, ligand density and shape. The complex and 
combined effects of these properties could significantly influence the 
biological response of textured surfaces. The feature size and interspace 
between features have great influence on the attachment mode of cells. 
Because cells favour attachment to larger areas with adequate ligands, 
they intend to attach and growth into the interspaces (deep) or on the 
top of features (valleys) when these are much larger than the cell size. 
For example, platelets are found attached at the interspaces between 
groove ridges and pillars [57]. For many features ranging from nano to 
submicron domain, cells bridge between features and these features act 
as ligands for cell attachments, proliferation, and migration. Behaviours 
are then strongly affected by ligand density and features orientation. 
Round, relative flatten, fine and large amount of ligand usually provide a 
high potential for improvement of endothelial cells which is around 
50–70 μm long, 10–30 μm wide and 0.1–10 μm thick [78], such as 
randomly roughened surfaces with roughness ranging in the nano to 
submicron scale [43,44,46,48], nano pillar surfaces [61,62] and nano-
wire surfaces [71,72]. If the features have preferential orientation or the 
arrangement of features is anisotropic, features then provide an oriented 
guidance for cell growth and migration, as demonstrated by the strong 
alignment of smooth muscle cells on groove structures [49]. This guid-
ance will induce some change of cells shape and function, especially for 
smooth muscle cells [56] which help in the reduction of proliferation of 
smooth muscle cells. 

Topography also strongly influence the wettability of the textured 
surfaces [79] and surface protein adsorption [44,50]. The influence of 
wettability is complex. High wettability increases the attachment area 
between liquid environment and surface, thus increasing the interaction 
between biological environment and biomedical devices. This influence 
should be universal for cells but surface with lower wettability could be 
both preferable for platelet adhesion [44] and unpreferable for endo-
thelial cells [43]. The influence of topography and surface chemistry still 
dominate the cells response. A higher protein adsorption could result in 
higher cells attachment, and this is universal for both platelets adhesion 
[50], endothelial cells [43] and smooth muscle cells [80]. Hence it is 
good to test the wettability and protein adsorption, but topography 
modification is still more important. 

Almost every surface structure has a positive function for promotion 
of ECs growth, but the prevention of SMCs growth and platelet adhesion 
are not clear for some surface structures as shown in Table 1. It is also 
vital to consider the influence of geometrical dimension of texture and 
distance between textures and influence of surface chemistry. The po-
tential improvement of rapid endothelialisation and prevention of SMC 
proliferation caused by combined texture on stents should also be 
carefully considered. For laser surface texturing, grooves and craters are 
more easily to fabricate, but with the help of nano-texturing technics 
such as laser-induced periodic surface structure, it is also possible to 
fabricate randomly roughed structures nanotubular structures and 
nanowires. The understanding of influence of topographic features on 
cellular response of blood vessels would help to guide the direction of 
laser texturing for stent surface engineering. 

2.2. Influence of surface chemistry on stents performance 

Surface chemistry is another essential aspect to consider for cell- 
surface interaction. Although surface chemistry modification is usually 
accompanied with topographical changes, surface chemistry modifica-
tion still deserves more investigation for improvement of ECs growth, 
prevention of SMCs growth and low adhesion of platelets. Coating is a 
popular method for surface chemistry modification and other surface 
functionalities such as oxidation and nitridation which are also impor-
tant for stents. 

2.2.1. Coatings 
From inorganic to organic materials have been coated on stents 

surface, even some natural biological coatings were investigated, but not 
all the coatings provided an improved performance for stents. Plenty of 
inorganic coatings are available for stents surface modification, 
including diamond-like carbon, nitrides, oxides, silicon carbide and 
hydroxyapatite-based materials. 

The positive function of several inorganic coatings has been proved. 
Titanium-nitride-oxide (TiNOX) proved to be an efficient coating ma-
terial for stents. As the titanium oxide (TiO2) is already a good coating 
for biodevices with a high request for hemocompatibility [81], TiNOX 
coatings has even lower platelets adhesion and fibrinogen adsorption 
than TiO2. Animal tests proved that TiNOX coatings reduce neointimal 
hyperplasia [82], and a large amount of clinical data also proved that 
the TiNOX coated stents show a good clinical performance [83–85], but 

Fig. 9. Schematic pictures of nanowire/nanopits hierarchical texture fabricated by CVD with laser ablation [77]: (a) SEM of the nanowire/nanopit texture; (b)SEM 
images of nanowire texture; (c) SEM images of pores inside nanopits. 
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there are also come clinical results showing that the DES with novel 
drugs has better clinical performance than TiNOX coatings [86]. Thus, 
TiNOX coatings still need an in-depth investigation to be competitive 
within the development of DES. It is also possible to combine the TiNOX 
and drug carrier to fabricate novel stents. 

Carbon and silicon carbide coatings are also widely used for stents. 
Previous research proved that diamond-like carbon coatings could 
reduce platelet activation and Ni, Cr metal ions releasing [34]. A better 
clinical performance for pyrolytic carbon coatings (Carbofilm™) has 
also been demonstrated [87–89]. But carbon coatings are relatively stiff 
for stents as stents are usually balloon expanded, thus clinical results 
showed a reduced performance of stents when using carbon-based 
coatings [90]. Carbon coatings still need more investigation, for 
example the semiconductor coatings with doping silicon [91]. Due to the 
semi-conductivity ability silicon related materials (for example silicon 
carbide, SiC) are also potential candidates for stents coatings. But the 
performance of SiC is somewhat contradictory: although SiC proved to 
be low platelet adhesive [92] and has lower Ni ions releasing [93], their 
clinical performance is not obviously increased in all cases [35]. Overall 
performance of inorganic coatings is not fully convincing, but their 
semiconducting potential could reduce platelet coagulations. Addition-
ally, inorganic coatings are also usually applied by laser, which need 
further investigations. 

Biocompatible polymeric coatings are also important coatings for 
stents. In the early stage, some polymer coatings aim to provide a more 
hemocompatible surface of BMS [94]. But polymers are mainly applied 
as drug carriers and corrosion control layers. As drug carriers, organic 
coatings are classified into durable coatings, such as poly (styr-
ene-b-isobutylene-b-styrene) (SIBS) [95], polyethylene-co-vinyl acetate 
(PEVA) and poly (n-butyl methacrylate) (PBMA) [96]. The performance 
of durable polymer coated stents is usually better than BMS during the 
first year of implantation [95], but it usually causes long-term problems 
such as very-late thrombus [96] due to the lack of biocompatibility of 
durable polymers. Hence, biodegradable polymers have been applied as 
stents coatings. Poly-l-lactic acid (PLLA) and poly (lactic-co-glycolic 
acid) (PLGA) are two popular coatings materials and there are already 
many commercial DES with these two drug carriers such as PLLA coated 
Nobori® stent [97], Excel® stent [98] and Cura™ stent [99], and PLGA 
coated stent Infinnium™ stent [100] and Sparrow™ stent [101,102]. 
Bio-originated and biomimetic polymer coatings are other two types of 
novel and popular coatings for stent applications. Some of these coatings 
have good performance as stent coatings, such as phospholipid-based 

coatings [103], phosphorylcholine-based copolymers [104] and 
mussel-inspired hydrogel [36]. The high biocompatibility and hemo-
compatibility of these coatings are important properties. Organic coat-
ings also include natural biological coatings. These coatings are formed 
of all-natural components found in the body; hence they are all highly 
biocompatible. Fibronectin and type I collagen could enhance cell at-
tachments, but this enhancements is not universal for both ECs [105, 
106,106,107] and SMCs [80,108]. Heparin has the ability for 
anti-coagulations [109], but also could promote proliferation of ECs 
[110] and prevention of SMCs growth [111]. While albumin could 
prevent the adhesion of cells [112,113] and thrombus formations [114]. 
Natural biological components are not commonly used as coatings 
because they are usually absorbed soon after implantation of stents, 
furthermore the coating processes for these components is complex (e.g. 
layer-by-layer deposition [115,116], covalent bonding [117] such as 
GORE® TIGRIS® vascular stent [118]). Overall, organic coatings are 
vital for stent applications. Laser coating of these materials and com-
ponents is relatively difficult, but laser could increase the bonding be-
tween these components and stents because the durability of the coating 
is also important for long-term performance of stents. 

The function of coatings is highly materials-dependent and the 
durability and ion-infiltration need to be carefully investigated because 
they are vital for the long-term performance [9,36,119]. 

2.2.2. Other surface functionality 
Other functionalisation techniques via modification of surface 

chemistry to improve the performance of stents include surface nitri-
dation, oxidation, electrochemistry modification in addition to simple 
coating methods. Some of the techniques can still be considered as 
coatings methods but are able to produce more multi-functional coatings 
by complex steps and some combination of several modification technics 
were also possible for stent surface functionality. 

The positive influence of nitridated stent surface was found in several 
investigations. Except the titanium-nitride-oxide coating, normal nitri-
dated surface is also efficient, such as the 316L stainless steel surface 
textured in nitrogen by laser by Li et al. [120]. Several nitridated metal 
components was found on the laser treated surface, including nitridated 
Fe and Cr, this surface showed a unique promotion of endothelialisation 
compared with the surface treated in air and argon [120]. Another 
nitridated 316L stainless steel surface was created by low-temperature 
plasma nitriding by Braz et al. [121]. Although their conclusion was 
derived without the consideration of roughness, they also claimed an 

Table 1 
Summary of different surface texture.  

Texture Illustration EC SMC Platelet Other 

Randomly 
Roughened 

• Improved adhesion in 
nano to submicron 
roughness range [43,44, 
46,48]  

• Prevention in nano to 
submicron roughness 
range [45,48,49]  

• Reduced adhesion at around 15 nm 
roughness range [43,50]  

• Influence is highly 
roughness-dependent 
[43–46,48,50] 

Grooved • Improved adhesion and 
proliferation of EC [53]  

• Alignment [53,54]  

• Reduced proliferation 
[56]  

• Alignment in the groove 
direction [49,55,56]  

• Reduced platelet adhesion at 
submicron groove size and interspace 
[57,60]  

• Ridge density↑=> Cell 
alignment↑ Cell 
density↑ [57] 

Nanotubular • Improved adhesion and 
proliferation of EC [61, 
62]  

• Prevention of 
proliferation and 
migration of SMCs [63]  

• Reduced platelet adhesion at around 
500 nm nanopillar size and 
interspace [57,64]  

• Influence is highly 
pillar size and 
interspace dependent 
[57] 

Porous • Reduced adhesion and 
proliferation of EC [66, 
67]  

• No research data, but the 
trend could also be highly 
feature-size-related  

• Reduced platelet adhesion at 200 nm 
hundreds nanometres pore/crater 
size [69,70]  

• Conflict performance 
test [66,67,69,70]  

• Drug carrier ability 
[68] 

Nanowire • Improved adhesion and 
proliferation of EC [71, 
72]  

• Prevention of 
proliferation and 
migration [71,72]  

• No research data, but nanowire 
surface might get reduced platelets 
adhesion according to results from 
nanotubular structure  

• Mainly produced by 
vapour deposition [40, 
71,72] 

Combined Combined Surface 
Texture  

• Potential to promote ECs 
growth [74,77]  

• Potential to prevent SMCs 
growth [77]  

• Potential to reduce platelet adhesion 
with some former stated structure 
and feature sizes  

• Performance should be 
further investigated  
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increased viability of ECs on the treated surface. The mechanical prop-
erties are also improved by surface nitridation. It is indicated that the 
nitridation of NiTi surface by both plasma nitridation in nitrogen [122] 
and plasma immersion ion implantation [123], increasing corrosion 
resistance, surface hardness and modulus. There is also a research 
investigated the platelet adhesion on nitridated Ti alloy and indicated 
the low platelet adhesion on the nitridated Ti alloy [124]. It is possible to 
conclude that the nitrogen element on the surface is a preferred for 
attachment, growth, and migration of ECs and has potential to prevent 
platelet adhesion. 

Another important direction for stents surface treatment is the for-
mation of nitrogen oxide (NO). NO is a crucial modulator influencing the 
reconstruction of target vessels. It could prevent the adherence of 
platelets, proliferation and migration of SMC, chemotaxis and migration 
of leukocyte, as well as promote endothelialisation, and relaxation of 
vascular [125]. NO releasing surface is mainly achieved by coatings. NO 
generating materials could be divided into N-diazeniumdiolated based 
NO release polymers, Nitrosothiol-based NO release polymers and cat-
alysed materials for endogenous NO generating [126]. Endogenous NO 
generating is more durable than other NO donor coatings, such as a 3, 
3-diselenodipropionic acid (SeDPA) with glutathione peroxidase 
(GPx)-like catalytic layers fabricated by Yang et al. [127], there are also 
other investigation trying to achieve the non-coating method for NO 
generating. For example, McCarthy et al. [128] investigated the cata-
lytical ability of different metal ionic for endogenous release of NO from 
S-Nitroso-N-acetyl-d-penicillamine (SNAP). The results showed the 
endogenous NO generating ability of Co2+, Ni2+ and Zn2+ at physio-
logical conditions and this could be applied in the design of biode-
gradable stents. NO generating surface is attracting a lot of attention for 
stents surface treatment. It has huge potential to be one of the feasible 
research directions for surface modification and functionalisation of 
stents. 

Oxidation is an achievable surface functionality for stents, but the 
biological improvement for stents application is limited compared with 
nitridation. The oxidation treatment is usually for the improvement of 
electrochemical properties rather than biological properties. For 
example, Li et al. [120] claimed that the laser treated stents in air failed 
to improve the EC proliferation. While the Ti–O layer on 316L [129] and 
oxidation layer on NiTi [130] improved the corrosion resistance and 
thus reduced the hazardous metallic ions releasing. There are also some 
novel oxidation treatments of stent surface which increased the endo-
thelialisation. Kakinoki et al. [131] immobilized a EC adhesive peptide 
on 316L and CoCr stent surface by single-step tyrosine oxidation with 
copper chloride (II) and hydrogen peroxide. The results showed an 
increased HUVEC adhesion and decreased platelet adhesion. The 
improvement was promising, but the achievement of improvement is 
mainly due to the EC adhesive peptide. Another important aspect is the 
control of the stent degradation. A comparison was made between 
magnesium biliary stent with and without micro-arc oxidation [132]. 
The treated stents showed an obviously slow degradation compared 
with stent without oxidation in human bile in vitro. The influence of 
oxidation on stents application is mainly concentrate on the mechanical 
properties, such as increasing corrosion resistance and control of 
degradation, it also usually reduced ions releasing to influence biolog-
ical response indirectly. 

Nitridation and NO releasing surfaces are two possible research di-
rections for surface treatment of stents, while oxidation could also be 
used as a pre-treatment method. The influence of nitrogen element to 
biological response is still not fully investigated, but the ability to pro-
mote endothelialisation is vital for stents. 

2.2.3. Summary of effects of surface chemistry 
Surface chemistry is another vital aspect to consider in surface en-

gineering of stents. Different surface chemistries result in different sur-
face wettability [79] and protein adsorption. Additionally, cells have 
preferential surface chemistries for attachments. Surface modification 

methods can be divided into coatings and surface functionality. Coating 
is a straight-forward modification of surface, but the addition of layers of 
similar/dissimilar materials. Sometimes coating is not efficient as it can 
delaminate from the substrate, especially for organic coatings. But 
coatings with nitrogen, bio-originated organic coatings and coatings of 
natural biological drugs or materials have positive effects on stents 
performance. 

Another interesting surface chemistry modification is surface nitri-
dation, which proved selective promotion of ECs over SMCs and reduced 
platelets. Laser has the ability for coatings and surface functionality, and 
these findings provided several directions for laser surface modification 
of stent surface, such as laser surface nitridation. Combined with 
texturing, laser could fabricate a surface with both suitable texturing 
and desired surface chemistry. 

3. Laser surface modification on stents and stent-related 
materials 

Laser surface engineering has several advantages among other sur-
face modification methods, being precise, selective, and ultra-fast as 
well as providing access to various geometrical designs. Laser surface 
engineering is much suitable for the modification of stents because of the 
small size of stents and the requirement of precise, tailorable, and clean 
modification. Several groups of researchers have investigated Laser 
surface engineering on stents or stents-related materials achieving 
different textures and surface chemistries and testing the resulting per-
formance of stents in vitro and/or in vivo. 

3.1. Laser surface texturing on stents and stent-related materials 

Laser texturing is a suitable technique to manufacture grooves, pits, 
pillars, and complex freeform surface structures. These surface textures 
(Table 1) enable changes to functional properties of stents. 

3.1.1. Direct laser patterning 
Grooved surface structures are still popular for laser surface modi-

fication of stents because of their ease of fabrication. One method to 
fabricate grooved structure is via laser ablation. Li et al. [120] fabricated 
groove-like structures by laser ablation on 316L stents. According to 
their analysis, it is possible to fabricate a biomimetic grooved structure 
similar to the luminal surface of rat aorta as shown in Fig. 10 using 
optimised laser parameters. After the culture of endothelia cells, a 
threefold increasing of cell adhesion and eightfold for proliferation is 
found. However, it is very interesting that the increasing is only obtained 
in nitrogen environment compared with the laser processing in argon. 
Further experiments should aim at comparing other surface structures 
with different surface chemistry conditions and associate performances. 

A spots array surface structure was generated by Oberringer et al. 
[133] on 316LS stainless steel by Ti:Sapphire femtosecond laser. The 
size of spots is around 50 μm, with tracking distances being 75 μm (high 
density, HD), 125 μm (MD) and 175 μm (LD). Co-culture of normal 
human dermal fibroblasts (NHDF) and human dermal microvascular 
endothelial cells (HDMEC) results showed clearly decreasing prolifera-
tion capacity of MF on both HD, MD and LD surface, while a slightly 
decreased cell density of HDMEC compared with controlled non-treated 
on LD and MD surface. Additionally, HD surface showed a relatively 
poor cell proliferation of HDMEC. However, since the HD surface has the 
lowest wetting angle, highest roughness, and oxygen content among 
three surface structure design, it is hard to conclude the relationship 
between the proliferation of co-culture cells and textured surface [134]. 
The reason of failure in promotion of proliferation of ECs might be the 
large size of spots (around 50 μm) and the large interspace (75 μm–175 
μm) between lines. Both laser spot size and line interspace are similar to 
the size of ECs [78], thus the features is too large to provide enough 
ligands for ECs. It is worth reducing the texture size to check the cell 
response. 
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Another method to fabricate grooved structure on surface is direct 
laser interference patterning (DLIP). DLIP technique use beam splitters 
to create two or more laser beams, these beams then interfere and 
fabricate various regular patterns including grating-like grooves on the 
surface. Grooves with more controllable depth, width and periodicity 
could be created by DLIP. Schieber et al. [134] fabricated grooved 

surfaces structure on CoCr alloys by DLIP technique. Several laser inci-
dent angles and fluencies have been operated and created several groove 
patterns with different periodicities (valley to valley distance, 3 μm, 10 
μm, 20 μm, 32 μm) and different depth (<40 nm and >600 nm). SEM 
pictures in Fig. 11 show that the grooves are clear and neat. Further 
platelet adhesion tests show the reduced adhesion of platelets for all 

Fig. 10. Comparison of original stents surface, laser ablated surface and luminal surface of rat aorta. (a) untextured stents surface (b) textured stents surface (c) 
biomimetic grooved surface on 316L in nitrogen made by Li et al. [120]; (d) the inner luminal surface of rat aorta. 

Fig. 11. SEM images of plain CoCr and DLIP textured samples fabricated by Schieber et al. [134] with different periodicities (valley to valley distance, 3 μm, 10 μm, 20 
μm, 32 μm) and depth (<40 nm, L; >600 nm, H). 
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laser treated samples, especially 32L and 32H, but the HUVECs culture 
results only shows the elongation of ECs on H samples, while the cell 
density on all laser treated samples are similar to the untreated surface. 
The author claimed that the reduced adhesion of platelets is due to 
surface chemistry instead of morphology because the difference on L- 
and H- patterns is negligible. The possible reasons are the presence of an 
oxidation layer and the increased hydrophilicity which reduced the 
adhesion of proteins on platelets. It is also be noticed that 98% coverage 
on H-patterns after 48 h could indicates the potential quick endotheli-
alisation ability. Although this laser-textured surface did not show an 
increased adhesion and proliferation of HUVECs, but the ability to 
reduce platelets adhesion, and increased migration to increase the initial 
endothelialisation could also contribute benefits. DLIP technique could 
also make spots array structure on real stents with modified wettability 
[24], reduced platelet adhesion [135] and controlled drug releasing 
[136]. These functions make DLIP a highly potential technique to 
improve stents performance. 

Direct laser ablation and DLIP techniques as well as other laser 
techniques are enough to produce various surface textures such as 
grooves, pillars, pores and more complex texture [137] thanks to their 
flexibility. Some of these features including grooves, pillars and pores 
has proved to be efficient for promotion of endothelialisation and pre-
vention of in-stents restenosis in previously section, thus the patterns 
produced by laser should also be efficient. Chemistry modification 
during laser surface modification is another important factor to be 
considered since laser modification process could introduce heat effects 
and the reaction between materials and surrounding environment. 

3.1.2. Laser induced periodic surface structure 
Laser induced periodic surface structures (LIPSS) have much small 

interspaces between grooves and the grooves are not as neat as in con-
ventional laser texturing. LIPSS usually happens in the vicinity of the 
laser ablation threshold [138], and their formation mechanism is com-
plex. One possible explanation is that the ultra-fast laser irradiation 
cannot provide enough time for energy transfer from laser to lattice, and 
thin layer of surface is heated fast. When this layer reaches a metastable 

condition, materials could be ablated through evaporation, non-thermal 
melting, fragmentation, and other processes. Combined with the influ-
ence of laser-induced acoustic wave and polarisation of laser, the 
metastable surface then forms unique LIPSS structures on the, whose 
dimensions are much smaller than the wavelength used to manufacture 
them [139]. These unidirectional, irregular, nano to micron size grooved 
array surfaces closely simulate the topology of normal SMCs structure 
and can potentially promote endothelialisation, because ECs naturally 
grow on the extracellular matrix of intima with fibrous structures 
aligned with the direction of SMCs. Hence, LIPSS is a possibly excellent 
surface modification technique for stents. 

Liang et al. [140] have fabricated LIPSS on 316L stainless steel stents 
by femtosecond laser (Fig. 12). The in vitro test indicated that the bio-
mimetic structure selectively promoted proliferation of HUVECs while 
had no effect on the proliferation of vascular smooth muscle cells 
(VSMCs). The characterisation of hemocompatibility of the laser treated 
surfaces showed a low adhesion of platelets on lasered and untreated 
surface. In vivo test in rabbit confirmed the results of in vitro test: lasered 
surfaces had a good coverage of endothelialisation and neointimal hy-
perplasia was only observed on the nontreated surface. Consequently, 
this completed comparison proved the efficiency of LIPSS on stents ap-
plications thanks to the selective promotion of endothelialisation. It is 
also interesting to find some hierarchical structures which combined 
micron and nano size features by changing pulse energy and speed 
(Fig. 13), providing a hierarchical texture stimulation for cellular 
response. As stated in previous sections, these hierarchical surface 
structures have the potential for multi-functional surfaces. These find-
ings also proved the achievability of complex texture by laser 
nano-texturing. 

The work of Nozaki et al. [79] indicated the promoted proliferation 
of ECs on LIPSS surfaces. Specifically, hierarchical micro/nano LIPSS 
structures were created on Ni–Ti alloys (Fig. 14), promoting adhesion, 
proliferation, and orientation of ECs on the surface. A lower platelets 
adhesion was also achieved compared with as-polished surfaces and 
nano-LIPSS only surfaces. This hierarchical structure (micro/nano) 
showed increased hydrophobicity compared with nano-LIPSS surface 

Fig. 12. Different surface structure created by laser at different condition: (a–d) different spot size at scanning speed of 0.8 mm/s and pulse energy at 200 μJ; (e–h) 
different feed speed at spot size of 150 μm and pulse energy at 200 μJ; (i–l) different pulse energy at spot size of 150 μm and feed speed at 0.8 mm/s, from Liang 
et al. [140]. 
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and as-polished surfaces. And nano-LIPSS surfaces obtained an increase 
of hydrophilicity. It was proposed that the reason for different perfor-
mance of platelets and ECs on LIPSS surface is the cell to structure size 
ratio. Platelets is around 2 μm as Fig. 15 shows and ECs is around 50–70 
μm, micron grooves shown in Fig. 15c is around 2 μm which cannot 
provide enough ligand density to support platelets. Collectively, laser 
induced periodical surfaces with precisely controlled geometry pointed 
out again the huge influence of surface topography. 

Hierarchical micro-nano LIPSS structures were also fabricated by Lin 
et al. [141]. They creatively utilised both linear and circular polarisation 
and fabricated circular, near-lattice-shaped LIPSS structures. Different 

scanning speeds were also used for different size of micro-grooves 
(Fig. 16). The authors only used one condition (A1) to NIH3T3 fibro-
blast cells to evaluate cellular response, but the A1 LIPSS surface 
exhibited a greater cell density compared to the benchmark surfaces. It 
should be noticed that using circular polarisation in this research pro-
duced nano-size circular ripples and nano-features (“nanodots” in 
Fig. 16c). The change of circular polarisation provided another novel 
design for LIPSS textures and it is worth to check the cellular response 
for this circular nano-ripples as it might have different function because 
of the circular direction and “nanodots”, which are similar to randomly 
roughened surface in nano to submicron range. 

Fig. 13. LIPSS structure at different pulse energy and speed (a) Speed-Pulse energy plot for spot size 150 μm and (b–e) related SEM images, from Liang et al. [140].  

Fig. 14. Three types of LIPSS structures: (a) As-polished surface; (b) nano-LIPSS surface; (c) micro/nano LIPSS surface, from Nozaki et al. [79]. E is the laser electric 
field polarisation vector. Scale bar (long white line) is 100 μm. 
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The function of LIPSS on stents goes beyond the promotion of 
endothelialisation. McDaniel et al. [142] revealed the prevention of 
monocyte proliferation on the LIPSS surface fabricated by Yb:KYW 
femtosecond laser. Two LIPSS structures with different periods and 
depths were fabricated on two types of stents made of 316L stainless 
steel (316L SS) and Pt:SS separately. Two types of cells were cultured on 
the surfaces, namely MS-5 fibroblasts and RAW 264.7 monocytes. 

Fibroblast is essential for the formation of EC lumen [143] while 
monocyte is related to stents restenosis [144]. The usage of different 
wavelength fabricated different LIPSS surface with different periods and 
depths, these difference further lead to different cellular behaviours. On 
both laser-treated stents, monocytes exhibited poor adhesion on LIPSS 
surface, even exhibited apoptosis, compared with obvious clusters on 
untreated surface. While on 1030 nm treated LIPSS surface, fibroblast 

Fig. 15. Platelet adhesion on (a) as-polished; (b)nano-LIPSS; (c) micro/nano-LIPSS surface, from Nozaki et al. [79].  

Fig. 16. FE-SEM images of different LIPSS surface structures (a) scanning speed is 2 mm/s; (b) scanning speed is 2 mm/s (c) scanning speed is 0.85 mm/s; (d) 
scanning speed is 0.85 mm/s. Laser fluence for all samples is 6.8 J/cm2, from Lin et al. [141]. E is the polarisation direction. Scan shows the direction of scanning direction. 
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exhibited health monolayers, which is hard to be observed on untreated 
surfaces. This results clearly indicated the promotion of growth of fi-
broblasts and prevention of monocytes on 1030 nm-LIPSS surface, 
further indicated the potential promotion of endothelialisation and 
prevention of restenosis of LIPSS surfaces. The different cellular 
behaviour on different LIPSS surface fabricated by laser with different 
wavelength also suggested the importance of texture dimension and the 
change of laser wavelength provided an idea to control LIPSS dimension. 

Due to the similarity with biomimetic surface structures, LIPSS are 
an efficient surface texturing technique for promotion of endotheliali-
sation, prevention of in-stents restenosis, and reduction of the adhesion 
of platelets. LIPSS can slow down the releasing of drug from drug-eluting 
stent according to the results of Sirolimus coated and LIPSS modified 
nitinol stents [145]. However, the differences of adhesion and prolif-
eration ability between ECs and SMCs on LIPSS is not as much as other 
surface textures. For instance, a LIPSS surface after 24h cell culture 
shows around 50% more EC cells on the surface compared with the 
untreated surface [140], but for a grooved surface, the increase is circa 
600%. Although the materials used in these two studies are not the same 
(316LSS and Ti, respectively), the comparison indicates that further 
improvement could be explored. Previous research dealt with the 
modification of the periodic [146] and size of LIPSS [147], their di-
rections [148], and also the fabrication of LIPSS on polymers [149], 
even on biodegradable materials PLLA [150]. However more investi-
gation should be done to optimise the suitable LIPSS structures for stent 
surface modifications. 

3.2. Laser surface chemistry modification on stents and stent-related 
materials 

Laser surface chemistry modification is also widely applied on many 
biodevices including stents. Laser surface nitridation is a popular laser 
surface chemistry modification due to the convenience of laser nitrida-
tion and efficiency of nitridation for improving biocompatibility. 

3.2.1. Laser surface nitridation 
Laser could also be utilised for surface nitridation of stents, which is 

also simpler than plasma surface nitridation. Laser gas nitridation (LGN) 
is a technique which utilises laser to process the surface in nitrogen. The 
concentration of nitrogen could be controlled with other inactive gases, 
such as argon, to produce different surfaces. 

Li et al. [151] fabricated nitridated surface on Ti–6Al–4V alloy sur-
face through diode LGN. They used a mixture of nitrogen and argon and 
found the higher fraction of nitrogen resulted in the higher surface 
hardness but also produced a nitridated layer with both longitude and 
transversal cracks. LGN process on 316L through CO2 laser by Obeidi 
et al. [152] also produced the increasing hardness and wear resistance of 
surface after LGN. They also indicated that the increasing of harness is 
due to the increasing of martensite on the surface after LGN. Excimer 
laser was also used by Yue et al. [153] for LGN on 316LS stainless steel to 
produce nitridated surface without cracks. Reduced nickel ion releasing, 
increased corrosion and wear resistance was also found on the Nd-YAG 
LGN NiTi surface [154]. Additionally, increased biocompatibility [155], 
especially increased endothelialisation [151] were also found on surface 
of stent-related materials after LGN. The positive function of LGN on 
stents and stent-related materials is obviously proved. LGN also has 
drawbacks that it usually changes the surface topography and also 
induced a local thermal influence and stress on the surface. However, 
the application of LGN is still much more convenient than plasma sur-
face nitridation methods, such as plasma physical [156] and chemical 
vapour deposition [157] and plasma-based ion implantation [158], 
because LGN does not need high temperature and high voltage during 
processing. 

3.2.2. Laser surface oxidation 
The function of oxidation on biological response is proved to be 

limited (as explained in details ins previous sections); however, oxida-
tion by laser also can influence the degradation property in addition to 
topographical modifications. Donik et al. [159] investigated the degra-
dation property of laser textured Fe–Mn alloy (Mn-18 wt%). The samples 
after laser treatment showed an increased degradation rate, which is the 
result of both increased oxidation content and surface areas. The oxi-
dated metal acted as the trigger for further degradation, the combination 
with laser texturing, it could also achieve an enhanced degradability. 
This oxidation could be simply achieved by laser processing in air or 
oxygen, thus generally every laser machining such as laser etching, 
grinding, milling, texturing, cladding could be combined with oxidated 
surface. These flexibility and achievability are better than other surface 
modification methods. 

3.2.3. Laser-based deposition techniques 
Laser-assisted coating includes many coating techniques such as 

pulse laser deposition and laser chemical vapour deposition. Vapour can 
cover stents easily, hence vapour deposition is much suitable to coat the 
whole stents surface with complex 3D structures. Laser physical vapour 
deposition or pulsed laser deposition (PLD) is similar to other physical 
vapour deposition methods. It utilises laser as power source to evaporate 
target materials to coat the substrate. It should be noted that the target 
could be made of two/or more materials to obtain a composite coating 
on a substrate. Serbezov et al. [160] deposited DLC/Pt/Ag composite 
coating on both 316L SS and NiTi by PLD, resulting in the increasing 
corrosion resistance. The coating is 80 nm–120 nm in thickness and 
smooth, high quality without any cracks and droplets. Similar Ag and 
amorphous carbon composite coating was made, and the Ag nano-grains 
were found [153]. The advantage of PLD for coating is the high quality 
and even coating, and the temperature requirement for substrate and 
target is not as high as plasma physical vapour deposition. Processing 
temperature is important for some stent materials such as NiTi which is 
relatively sensitive to temperature. The alibility for nanocomposite 
coating fabrication is also noticeable, as nano composite usually provide 
unique cellular response, but the function needs to be further investi-
gated. Laser chemical vapour deposition (LCVD) is also similar to other 
chemical vapour deposition methods for the deposition of metal and 
ceramic but use laser as power source. LCVD could be divided into two 
types: photolytic and pyrolytic, depending on the origin of reaction 
energy [161]. Kubová et al. [162] deposited hydrogenated amorphous 
carbon with extra oxygenic structures and conjugated double bonds on 
polytetrafluoroethylene (PTFE) by LCVD. The double bonds could origin 
from the acetylene ingredient and are photolytic results from triple 
bond. Further HUVEC culture showed the increased adhesion and pro-
liferation on carbon coatings, indicating the potential application for 
stents coating. LCVD has potential for stents application with the ad-
vantages: it could achieve the flexible, tailorable, and selective surface 
coating, and also the chemical reaction could be selective with the help 
of different wavelength lasers. Laser vapour deposition still has disad-
vantages such as the limitation of coating area due to the limitation of 
laser power. However, laser vapour deposition is still suitable for stents 
due to the small size of stents. Combined with other advantages of laser, 
such as flexible, tailorable, selective and easy operation, laser vapour 
deposition is a high potential technique for stents surface coating. 

3.3. Degradation control of biodegradable stent-related materials through 
laser 

Main problems for polymeric BDSs are the large strut thickness, 
insufficient radial strength, and uncontrolled degradation. Materials for 
polymeric BDSs usually have low radial strength compared with DES 
which are the best therapeutic devices currently existing for coronary 
artery diseases. Thick struts are then necessary to provide enough sup-
port to BDSs but can cause further problems such as the disturbing of 
flood flow and slow endothelialisation. The First US Food and Drug 
Administration (FDA) approved BDSs are made by Abbott Vascular, 
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which are everolimus-eluting PLLA based BDSs and considered for 
potentially better performance than normal DESs [1]. But according to a 
3-year clinical comparison with a cobalt-chromium everolimus-eluting 
stents in ABSORB III trial, this BDS has higher adverse event rates than 
DES [163]. Due to the poor clinical performance, several medical in-
stitutions worldwide issued the safety notice of this BDS and Abbott 
Vascular ABSORB BVS then voluntarily and permanently withdrew the 
stents in 2017. Since then, BDSs are under further investigations and one 
of the trends is to use metallic biodegradable materials as supporting 
structure. Some research investigated the bioresorbable metallic mate-
rials such as pure iron [164], magnesium [32] and zinc [165], these 
have higher modulus and strength compared with polymeric BDS ma-
terials. The problem for pure iron BDSs is the long degradation time, in 
fact still large portion of stents remains intact after 1 year as evidenced 
by in vivo study [164]. Magnesium BDS has instead relatively short 
degradation time, i.e., 4 months for full degradation [166]. Since cor-
onary artery usually need 6-8-month for recovery [167], serving time of 
Mg BDS is not long enough for stents. Recently, another magnesium 
alloy has been used and been proven to be able to maintain the presence 
after 6 months [32]. Zinc is another novel BDS materials which shows 
promising performance within 1 year, as demonstrated by in vivo test 
[165]. There is also improvement for polymeric stents, National Medical 
Products Administration of China has approved a novel PLLA stent, 
NeoVas® bioabsorbable rapamycin-eluting stent (Lepu Medical Tech-
nology, China) in 2019 and the long term performance is proved by a 
comparison with CoCr DES [168]. MeRes™ (Meril Life Sciences, India) 
is another sirolimus bioresorbable PLLA stents which has a 100 μm strut 
thickness and the improved performance is also proved by 3 year 
follow-up [169]. Application of novel materials often need extra 
consideration in terms of selection of processing techniques used for 
forming and shaping, while laser surface treatments have the potential 
to be a universal solution to improve the surface strength and control the 
degradation. 

3.3.1. Degradation control of biodegradable metallic stent-related materials 
through laser 

Metallic biodegradable materials have high potential for stent ap-
plications because of their high strength, low inflammation, and rela-
tively fast degradation compared to polymeric stents. But the 
degradation rate sometimes is not suitable to provide enough support 
time during the re-construction of coronary artery. The main purpose for 
laser surface modification is to control the degradation rate and increase 
the biocompatibility. 

It is difficult for lasers to improve or modify the bulk strength of 
metallic BDS materials, but it is feasible for lasers to modify surface 
hardness and control the degradation rate. As magnesium-based and 
zinc-based BDSs usually possess the drawback of fast degradation rate, 
this could be adjusted by changing the composition of Mg alloy. Yet laser 
surface modification could be a processing technique which allows 
surface and localised physical and chemical modifications, which could 
be a potential solution to overcome the issue of degradation rate. 

There are several types of biomedical bioresorbable Mg alloys, such 
as magnesium-zinc-dysprosium (Mg–Zn-Dy) and Magne-
sium–Zinc–Gallium (Mg–Zn-Ga). Rakesh et al. [170] employed LENS® 
MR-7 fibre laser system to carry out laser surface melting of 
Mg–1Zn-2Dy (wt%) alloys. Grooves structure with different dimension 
and surface roughness were fabricated on the surface. The hydropho-
bicity was increased due to the increased surface energy. Laser surface 
melting also increased the surface hardness, one reason is that laser 
induced rapid melting, evaporation, and cooling, thus refined the sur-
face grains. Another reason is the pressure produced by the interaction 
of the involved vapour and laser. This pressure has the ability to make 
the surface denser and increase the surface hardness. Furthermore, laser 
surface melting also reduced the degradation rate, because of the 
changing surface phase content. As stated by Rakesh et al. [170], the 
corrosion mechanism of this alloy is filiform corrosion, which is caused 

by surface defects and pits and then propagates to the bulk materials 
longitudinally. Increased surface grain density of secondary phase 
distributed along grain boundary reduces the anode to cathode area 
ratio (α-Mg to 2nd Mg phase), and as a result, corrosion of Mg alloy is 
decreased. Same function of reducing Mg alloy corrosion rate is found on 
femtosecond laser modified Mg–Ca–Zn alloys [171], increased surface 
hardness and reduced corrosion rate is also found in laser treated Zn–Zr 
alloys [172]. The refined grains and changed phase content or redis-
tributed phase decreased the current corrosion and increased the 
corrosion potential. In conclusion, laser surface melting or laser surface 
modification can change the surface grain size and phase distribution 
and further affect surface hardness and corrosion rate. 

3.3.2. Degradation control of biodegradable polymeric stent-related 
materials through laser 

Controlled degradation is vital for the long-time in vivo performance 
of polymeric BDSs. Biodegradable polymers usually have slow degra-
dation rate and long degradation time, leading to several problems for in 
vivo application. Since degradation mechanism of polymeric stents and 
metallic stents is different, controlled degradation is another challenge 
for laser surface modification of polymeric BDSs. Fig. 17 shows the 
degradation mechanism of semi-crystalline polymers. Semi-crystalline 
polymers have crystalline areas which are connected by amorphous 
areas. At the start of degradation, the amorphous areas firstly suffer 
chain scission, then the crystalline areas swell to create more amorphous 
regions, finally degradation occurs [167,173]. For amorphous polymers, 
the degradation mechanism is similar but without swelling of crystalline 
region. There are two main factors influencing the degradation process: 
crystallinity and molecular weight. Low crystallinity and low molecular 
weight could increase the degradation rate because the molecular 
structure is more susceptible to chain scission process. Hence the 
modification of the degradation properties of biodegradable polymers 
could be achieved by decreasing crystallinity and/or decreasing mo-
lecular weight to reduce the degradation rate. 

The wavelength of laser is important for the degradation modifica-
tion of polymeric biodegradable materials. Shibata et al. [174] 
compared the degradation difference using 800 nm and 400 nm fs lasers 
on PLGA. They fabricated three spots with similar diameters on PLGA by 
mechanical milling, 800 nm fs laser and 400 nm fs laser. The degrada-
tion data indicates that using a wavelength of 400 nm the laser pro-
cessed pits had the fastest degradation rate; considering the result from 
XPS, FTIR and GPC, it might be because 400 nm laser is more efficient 
for bonds scission. However, the depths and morphology of three pits are 
not the same, therefore the effect of geometry should also be considered. 
It is hard to judge from SEM pictures (Fig. 18) as this had not been re-
ported by the authors, but it seems that using a wavelength of 400 nm 
the pit shows the smallest depth while a wavelength of 800 nm results in 
pit with largest depth. Additionally, the pit processed at 400 nm is more 
porous although there are also some porous structures inside the pit 
produced by 800 nm laser. Deep pits have more surface than shallow 
pits, but the more porous structures achieved with a 400 nm laser pro-
vide additional surface area. This sub-feature might also contribute to 
the degradation of materials, and worth for more analysis such as 
wettability test to check the function of this nano-features. Stępak et al. 
[175] investigated the cross-section of PLLA after both 343 nm, 515 nm 
and 1030 nm laser irradiation. Compared with 343 nm and 515 nm 
laser, 1030 nm laser utilised in this experiment did not induce surface 
patterning, but there are many dots on the bottom surface of 1030 nm 
laser-treated surface. It is the result of the progression of filament inside 
the materials. As Fig. 19 shows, a molten layer was found at the laser 
ablation sides, and a filament layer is underneath the molten layer till 
the bottom, leading to the dots structure on the bottom surface. Filament 
layer was also found underneath the surface after laser irradiation at 
515 nm, but not observed in the samples treated at 343 nm wavelength. 
They also repeated the same experiment on high crystallinity polymers, 
but no filament was visible. As claimed by the authors, this is because 
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this structure is created by self-focusing of laser inside PLLA during the 
transition of the laser, propagating the filaments. Because the crystals 
could change the light transition inside the materials, the filaments then 
cannot be found in samples with high crystallinity. Different pulse 
spacing has induced different filament density and structure underneath 
the surface of PLLA: large pulse spacing (such as 30 μs) has large fila-
ment density and more visible filament structure. Hence the density of 
filaments is adjustable by different laser parameters and also different 
crystallinity. The crystallization was also changed by these filaments 
because these filaments acted as crystallization nuclei, thus it is possible 

to adjust the filaments by different laser irradiation and then adjust the 
crystallization behaviour, thereby achieving a control on mechanical 
and thermal properties. Additionally, further degradation result showed 
the increased degradation rate by these filaments. In conclusion, this 
filament structure provides a novel method to fabricated biodegradable 
polymeric materials with gradient mechanical, thermal properties with 
increased degradation rate, and has potential for stents applications. 

The properties of the intrinsic materials such as crystallinity also 
need to be considered during laser process. Kryszak et al. [176] has 
utilised CO2 laser (10.6 μm) to process the PLLA/HAp composite 

Fig. 17. Chain scission degradation mechanism of biodegradable polymers plotted by Wee et al. [167].  

Fig. 18. Crater fabricated on PLGA by Shibata et al. [174] through (a) mechanical milling, (b)800 nm laser, (c)400 nm laser.  

Fig. 19. The filament structure underneath the laser (1030 nm) treated surface from Stępak et al. [175].  
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extruded foils surfaces. One interesting change is the increased polymer 
distribution index (PDI), indicating the improved distribution of poly-
mer molecular weight. Increased PDI proved that there are more short 
chains after laser irradiation, but still some larger chains with various 
molecular weight from low to high are present. When there are more 
short chains which are easy to crystallize, quick heating and cooling 
process does not provide enough time for crystallization, leading to the 
decreased crystallinity and further decrease of mechanical properties 
and faster degradation. And the DSC and WAXS results show clearly that 
the crystallinity was decreased by laser, additionally decreased molec-
ular weight was observed in GPC and FTIR results. The mechanical 
properties of whole foil are also decreased, for some sample there is even 
2 times decrease in Young’s modulus. The decreased strength is not the 
expected change, thus the strength change during laser texturing of 
polymers should be carefully considered and more exploration should be 
done to maintain a reasonable strength of stents during laser texturing. 

Laser surface modification of biodegradable materials for stents has 
been attracting increasing attention these years but there is no system-
atic analysis on the effect of wavelength, pulse width, and frequency on 
the degradation process, especially for polymeric biodegradable mate-
rials. There are still many challenges for improving strength and 
controlled degradation simultaneously, offering opportunities for future 
work in this field. 

4. Future trends in laser surface engineering of stents 

Future laser surface engineering for stent applications will need to 
consider simultaneously novel texturing and surface chemistry design. 
For example, Cui et al. [177,178] created a novel laser texturing design 
(Fig. 20). The combination of circle and linear scanning designs 
increased corrosion resistance on NiTi and increased bioactivity for 
osteoblast cells. In future different LIPSS designs will be employed to 
improve stents performance. By changing the polarisation direction 
(Skoulas et al. [23]) it will be possible to fabricate complex LIPSS 

textures (Fig. 21) on stents. Furthermore, the employment of different 
rastering strategies at various pulse durations (Fraggelakis et al. [179]) 
will be need to be considered to apply novel designs (Fig. 22) on stents. 
Laser texturing in different gases could also be considered to introduce 
novel textures such as biomimetic surface structures, similar for example 
to the Lotus leaf created by Zorba et al. [180] through femtosecond laser 
irradiation under reactive SF6 atmosphere (Fig. 23). It is also noticeable 
that laser could cross-link proteins to create 3D structure on the surface 
[181]. This technique could fabricate nano to micron textures and fea-
tures on surfaces with different proteins including type I collagen 
mentioned in Section 2.2.1. This protein 3D texture on the surface has 
the potential to improve the biocompatibility of stents. Although these 
novel designs have not yet been designed for surface texturing of stents, 
these 3D freeform textures could potentially improve stents performance 
due to their nano and micrometric features and therefore careful 
consideration should be given in future research. 

5. Conclusion 

This critical review focused on state-of-the-art surface engineering 
and laser-based techniques to improve the performance of stents and 
stent-related materials leading to the following remarks:  

• Laser surface engineering has demonstrated potential to solve 
common problems found in stents. Over the past decade stents 
have been successfully engineered in terms of materials develop-
ment, surface modifications and structure optimisation, and the 
problems of LST and ISR have been addressed through design and 
development of novel materials and processing technologies. The 
modification of stents materials could solve the problems inherent to 
the previous generation of stents but further issues continuously arise 
with the introduction of new generations of stents. DESs solve the 
problems of high restenosis rate of BMSs but cause the late and very 
late in-stent restenosis problems; BDSs are striving to solve the late 

Fig. 20. Schematic and figures SEM images of three types of texture designs. (a) (d) (g) (j) two-steps: circle with grooves scanning; (b) (e) (h) (k) one-step circle 
scanning; (c) (f) (i) (l) on-step half circle scanning, from Li et al. [178]. 
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in-stent restenosis problem of DESs but lead to other restenosis 
problems related to low strength and degradation process. The 
challenging physiological environment of cardiovascular stents re-
quires a balance of mechanical performance of stenting materials 
and also good hemocompatibility and biocompatibility, but surface 
modification of existing stents could have a huge impact on stent 
performance without affecting the bulk material properties. There 
are several commonly utilised surface modification techniques, 
including blasting, chemical etching, chemical vapour deposition, 
electrical discharge machining and plasma surface modification. 
However, these techniques are less suitable for stents than laser- 
based techniques because laser-based processes are easier, faster, 
more repeatable, and more tailorable than other processing 
techniques.  

• Laser-based techniques are suitable for surface modification of 
stents, however it is vital to understand the function of different 

texturing and surface chemistry for stent applications. Based on 
the exploration of the influence of different surface textures and 
surface chemistry on stents, many surface textures including 
grooves, tubes, pores, wired and some combined surface structures 
exhibited improvement of stent performance at different extent. 
Nano to submicron features (around 500 nm to 2 μm) are preferable 
for EC attachment, proliferation, and migration, because the size of 
ECs is 50–70 μm and the features around 500 nm to 2 μm provide 
enough ligand density and attachment area for cells. Features below 
500 nm could not provide enough area for cell attachment, and large 
features above 2 μm could not provide enough ligand density for cell 
growth and migration. Orientation of textures is also very important. 
Grooves and other directionally aligned features could induce the 
functionalisation of SMC, transforming SMC from epithelial-like to 
mesenchymal and then prohibit the proliferation of SMC. Different 

Fig. 21. SEM images of LIPSS produced at different polarisation conditions, replotted from Skoulas et al. [23].  

Fig. 22. SEM images of two scanning with different pulse delay from − 10ps to 10ps. XP: cross-polarisation. CP: circular polarisation. Replotted from Fraggelakis 
et al. [179]. 
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surface chemistries should also be considered to design the ideal 
laser surface engineered structures on stents. 

• Surface chemistries including coatings and other surface func-
tionalities strongly affect the stents performance. The function of 
coatings is highly material-dependent. Laser-based processes can be 
successfully used to deposit various coatings on stents; however the 
complex set-up might be a drawback for scaling up the process in the 
biomedical industry. This review highlighted that the most useful 
surface chemistry is a nitridated one, as it can noticeably increase the 
biological response of EC and inhibit SMC attachment and prolifer-
ation as well as platelet adhesion.  

• Laser surface engineering provides a unique capability of 
combining micro/nano-texturing through preferential orienta-
tion while allowing nitridation of the surface locally. Many 
laser-based techniques including direct laser patterning, LIPSS, laser 
surface nitridation and laser-assisted coatings have been proved to be 
able to improve stents performance. Direct laser patterning could 
make grooves and spots textures which could improve endothelial-
isation and reduce SMC proliferation. Combined with DLIP laser 
techniques, various texture design could be achieved and provide 
large flexibility for laser texturing of stents. In this context, LIPSS is a 
novel and potentially highly effective area of research. This special 
texture is a biomimetic structure and could promote endothelialisa-
tion, reduce SMC and platelet adhesion. LIPSS technique could also 
be expanded by multi-steps laser scanning and change of laser 
wavelength, polarisation condition, processing in different gas 
providing plenty of novel surfaces. Previous research proved the 
positive effects of laser surface texturing on stent-related materials, 
and the use of laser texturing on commercial stents and the in vivo test 
showed clearly the improved performance. Therefore, laser surface 
engineering can be employed to manufacture more suitable surfaces 
for stents applications while being effective in reducing adhesion of 

platelets, promotion of endothelialisation and prevention of SMCs 
proliferation and migration.  

• Laser surface engineering can also modify the surface strength 
and provide a way to speed up or slow down the degradation for 
both metallic and polymeric BDSs. However, laser surface modi-
fication on BDSs still need further investigation to fully understand 
the modification mechanism of laser on BDSs materials, which re-
mains as an underexplored research gap within the biomedical field. 
BDS is a novel generation of stents which does not have a commercial 
materials solution, and related biodegradable materials are still 
under investigation. Nowadays, Mg alloy, Zn alloy, PLLA, PLGA and 
related copolymers are most utilised materials for BDSs. Laser sur-
face engineering of these materials (or other novel BDS materials) to 
improve the biocompatibility and in vivo performance, enhance 
strength and control degradation process (either degradation rate or 
degradation steps) still does not have a systematic approach and 
solution. It is then worth for a deep exploration of laser surface en-
gineering on BDSs.  

• Novel laser processing designs will provide various research 
direction for surface engineering of stents. Although the function 
of novel laser processing designs on stents performance is still not 
investigated, those texturing and surface chemistry modifications by 
lasers have a strong potential to improve stents performance because 
of the combination of surface chemistry modifications and micro/ 
nano-features manufacture. The understanding of the function of 
textures and surface chemistry is helpful for the design of novel 
textures. 
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Fig. 23. Lotus leaf-like structure created by Zorba et al. through femtosecond laser irradiation under reactive SF6 atmosphere [180].  
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