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Cell attachment and growth can be controlled by stent surface topography. In some
cases fibroblast cells attach while monocytes failed on the structured surface of Pt:SS
and 316LSS stents.

Monocytes Fibroblasts
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Abstract

The manner in which cells interact with a surface is mainly determined by the surface
chemistry, surface charge, curvature and micro-topography of the surface. This study
investigates the bio response of two metallic alloy coronary stents with Laser Induced
Periodic Surface Structures (LIPSS) produced by femtosecond laser pulses at 515 nm
and 1030 nm wavelengths. The study relates the bio response to changes in micro-
topography and chemical composition.

LIPSS were generated in this study by applying femtosecond pulses with a 500 fs
pulse duration at a high repetition rate to smooth polished Platinum Stainless Steel
(Pt:SS) and 316LSS stent surfaces, with an original roughness value of 2.9 = 0.2 nm
and 1.5 + 0.2 nm respectively. LIPSS structures were formed by exposure to laser
radiation slightly above the applied threshold fluence using a Gaussian laser beam in
air. Experiments were performed at two different wavelengths, 1030 nm and 515 nm,
to generate different periodic topographies. When the laser wavelength is increased
the LIPSS period and depth also increases, thereby increasing the roughness. LIPSS
features were characterized using techniques such as Atomic Force Microscopy
(AFM) and X-ray Photoelectron Spectroscopy (XPS).

This study identifies how LIPSS impact the attachment of monocyte cells (RAW
264.7) and fibroblast cells (MS-5) in vitro. The cellular reactions of un-textured to
LIPSS surfaces were compared. It was found using Scanning Electron Microscopy
(SEM) that different cells either attached or detached to LIPSS roughness (ranging
from 29 nm to 50 nm). Fibroblast cells did not adhere to un-textured surfaces but
formed a monolayer on LIPSS surfaces. This indicates that the LIPSS surface is non-
toxic. Monocytes show a high affinity to bare un-textured surfaces and failed to
firmly attach onto textured surfaces. In the case of stents, it is an advantage that the
concentration of monocytes decreases when LIPSS are introduced as this can reduce
thrombosis occurring. In the future, laser structured surfaces with various
topographies can offer new bio-functionalities in the area of medical implants.
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1. Introduction

Cardiovascular disease is a generic name for the family of disorders related to blood
vessels. They can lead to heart problems such as heart attack or stroke. Atheroclerosis
causes narrowing or blockage of the blood vessel which results in deterioration of
cardio-system functions. Implanting a stent can treat the stenosed artery. A stent is a
small wire mesh tube that acts as a scaffold used to mechanically hold open the blood
vessel. In recent years, drug-eluting stents (DES) have been developed to decrease
restenosis. LIPSS could be beneficial to DES. Incorporating a complex surface
topography could encourage endothelialisation and limit thrombotic events.

Lasers have been chosen in this study to generate LIPSS and using these structures
the cell response can be evaluated. A number of processes can be performed with
lasers: cutting, welding, drilling ablation, melting and marking. Lasers offer excellent
precision and repeatability, high speed and quality, accuracy, cost efficiency, minimal
thermal input and non-contact. Laser processing has gained significant credibility in
the medical device industry and is an integral part of manufacturing, for example,
cutting surgical tools, welding endoscopes or pacemaker housings, drilling holes in
hypodermic needles and verification laser marking. Of particular relevance to this
study is the application of lasers to profile stents. Femtosecond lasers are ideal for
surface structuring because they have a minimal heat affected zone, there is rapid
heating and cooling and no laser plasma interaction. ~Laser Induced Periodic Surface
Structures, otherwise known as “ripples”, have been fabricated on metal, '™* polymer,
> semiconductor, ¢ and dielectric  surfaces and have been significantly studied since
the 1960s. The formation of LIPSS depends on several factors, such as: wavelength,
laser fluence, repetition rate, the number of pulses and the angle of the incident laser
beam. With metals, LIPSS normally have a period close to the wavelength of the
incident beam and are orientated perpendicular to the direction of the polarization of
the beam. It has been recently found that materials such as semiconductors,
dielectrics and metals achieve LIPSS with a period much smaller than the laser
wavelength. ® The spatial period of the LIPSS is dependent on the angle of incidence,
wavelength and polarization of the laser beam. ° LIPSS have a number of applications
like increasing the surface area and surface energy, altering the hydrophilic or
hydrophobic performance of a materials surface, '’ improving coating adhesion,
optics, reducing reflectivity, '' and tribology. > "> The chemical composition and
topography of a surface has the greatest effect on protein adsorption. '* By increasing
the surface area there is expected to be an increase in protein adsorption. The
mechanisms responsible for ripple formation are still under debate today. There are a
number of theories that attempt to explain the formation of LIPSS. Examples of these
include excitation of surface plasmon polaritons (SPPs), ® self-organization, ° the
interference between the laser beam and the scattered wave from the surface material
"and the influence of surface tension. ' ! Advantages of using LIPSS in this study is
that the surface area of a material can be increased in air quickly without the aid of
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chemicals and stents can be fabricated with various topographies depending on the
desired application.

In-vitro bio systems were used to model the response of immune cells that circulate in
the blood stream of a blood vessel. RAW264.7 cells represent peripheral blood
circulating monocytes. Their primary function is monitoring and first line defense
against foreign bodies. MS-5 fibroblasts originate from connective tissue and are
used in this study to model the response of a blood vessel exposed to a stent.

Monocyte and fibroblast cell types are used in this study to investigate the
biocompatibility of a biomaterial, in this case clinically approved stent material.
Monocyte adhesion and infiltration occurs instantaneously after injury to the artery.
RAW264.7 is a monocyte cell line which fully possesses immune responses including
activation into macrophages, expression pro-inflammatory surface markers,
inflammatory proteins and stimuli for T-cell recruitment. RAW264.7 murine
monocyte/macrophage cells have been used in a number of in-vitro biomaterial
studies. '™ '* RAW264.7 offer diversity in a number of applications: monocytes can
be converted to osteoclasts in the presence of receptors for nuclear factor kappa B
ligand (RANKL). % In addition they are easy to transfect and activate into mature
macrophage phenotype. Alternatively, RAW264.7 cells can be used as naive
monocytes. They have been used to describe biomaterial properties, such as capacity
to trigger inflammatory response >' or suppress macrophages, ** attract circulating
monocytes, ingestion by immune cells, facilitate cell adhesion and growth as immune
cells or osteoclasts. It has been found that RAW264.7 cells display a higher rate of
adhesion on smooth surfaces compared to rougher surface where the cells begin to
differentiate. > Other studies that investigated the performance of RAW264.7 cells on
smooth and rough surfaces did not give a definitive answer: some groups suggested
that monocytes have an affinity to smooth surfaces, ** % while others reported no
difference, *° or others observed monocyte activation on flat samples. >’ Lee et al 2’
found a higher concentration of monocyte cells present on the surface of textured
titanium, with a roughness value of 4.76 nm, compared to un-textured samples, with a
roughness value of 0.37 nm.

Fibroblast cells are connective tissue cells that play a crucial role in wound healing.
MS-5 murine fibroblast cells do not have direct applications in in-vitro studies, but
they have positive effects on vasculogenesis and haemopoisis. ** Fibroblast cells are
one of the most common cells used in in vitro biomaterial testing and have been used
to investigate stent surfaces in previous studies. > *° Also they promote growth of
primitive haematopoietic progenitor CD34+ human cord blood cells *' and
differentiation of murine embryonic stem cells. ** It has been found that fibroblast
cells adhered more to smooth samples compared to laser treated 316LSS samples.
On Silicone, it was found that fibroblast growth decreases with increasing surface
roughness (smooth 88 nm, rough from 378 nm to 650 nm). ** Pennisi et al > found
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that fibroblast cells are more elongated and their cytoskeleton is less mature on rough
platinum surfaces (11 nm) compared to smooth surfaces (0.65 nm). The growth rate
decreases as the surface roughness increases (11nm to 23 nm). Li et al 3 found that
after laser texturing of 316LSS there was a reduction in cytotoxicity for endothelial
cells grown on laser-textured surfaces compared to un-textured surfaces. They also
found using XPS that the surface chemistry changes with 316LSS LIPSS. There was
a reduction in the concentration of iron and nickel with an increase in chromium. To
our knowledge the cellular interaction with LIPSS structures of different topographies
on metal alloys has not been investigated to date.

2. Materials & Methods

2.1 Materials
This study focuses on two alloys; 316L Stainless Steel (SS) and Pt:SS. Pt:SS is
composed of 316L stainless steel with the addition of platinum. The overall
composition of Pt:SS comprises of 33% Platinum, 37% Iron, 18% Chromium, 9%
Nickel, 3% Molybdenum and traces of Manganese. Platinum is used because it

creates stronger and more flexible stent struts. Platinum based Stainless Steel alloys
are useful due to their resistance to corrosion and high melting temperatures. 316LSS
is a Chromium-Nickel-Molybdenum alloy consisting of 61-72% Iron, 16-18%
Chromium, 10-14% Nickel, 2-3% Molybdenum, 2% Manganese, 0.08% Carbon,
0.75% Silicon, 0.45% Phosphorus, 0.03% Sulphur and 0.1% Nitrogen. 316L stainless
steel is known for its strength, biocompatibility and it is relatively easy to machine
due to the carbon present. Metallic stents are preferred because of their radiopacity
properties. The Pt:SS and 316LSS stents used in this study have been electro-polished
to create smooth R, surfaces with an average roughness value of 2.9 = 0.2 nm and 1.5
+ 0.2 nm respectively. The curvature of the Pt:SS and 316LSS struts are calculated as
9.02 + 0.64 mm™ and 8.59 + 0.22 mm™, respectively. The characteristics of a stent
are different to a flat sample. Studies performed on stent materials, in vivo, have
limitations due to the stent size, pattern and curvature and the challenge to analyse the
contact angle, surface energy and cell behaviour.

2.2 Laser Processing
Pt:SS and 316LSS surfaces were exposed to multiple incident laser shots in air at a
repetition rate of 100 kHz at various pulse energies ranging from 2 pJ to 6 plJ.

Experiments were carried out using a Yb:KYW chirped-pulse-regenerative
amplification laser system (Amplitude Systemes S-pulse HP) that delivered laser
pulses with a duration of approximately 500 fs at wavelengths of 1030 nm and 515
nm. The spatial profile of the laser was Gaussian in nature with a nominal M? value
of <1.2. The number of pulses is controlled using a computer controlled fast electro-
optical modulator (EOM). The pulse energy was controlled using a rotary half-wave
plate and a beam splitting polarizing cube.
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The process of fully textured stents with LIPSS is shown in figure 1. The stent is
placed on a 0.051” mandrel. This mandrel is held at one side by a rotary stage and the
other side by a collet. A rectangular array consisting of 45,000 laser spots was
fabricated on the stent slightly above the threshold fluence. Each spot was exposed to
30 successive laser pulses. The stent was then rotated using a motion system. This
procedure was repeated until the stent was fully textured with LIPSS.

- T

Figure 1 Stent on mandrel held together by two collets ( in a rotary stage) on an XYZ stage.

The calculations for determining applied threshold fluence (¢w) and @y are obtained
according to the method of Liu et al. *” The spatial fluence, ¢(r), for a Gaussian beam
is given by:

#(r)=goe " €]
where ¢ is the peak fluence in the beam, r is the distance from the center of the
beam and oy is the Gaussian spot radius (1/¢%). The maximum fluence and the pulse
energy, E,, are related by:

2F
P =—5 )

2
7w,

The peak fluence is related to the diameter of the ablated spot:

D’ =2w, ln(ﬁJ (3)

th

where D? is the maximum diameter of the damaged region zone. It is possible to
determine the beam radius using the value for wy from the plot of D* versus the
logarithm of the pulse energy. Once wy is calculated fluence values can then be found
using equation 3. By plotting D? versus the natural log of the applied laser fluence
and extrapolating the D* line to zero, ¢y can be calculated. >’ The representative
diameters of the ablated spots were measured using an optical microscope three times
to determine an average value.

2.3 Characterisation
LIPSS are generated slightly above the applied damage threshold fluence and then
analysed using a SEM (Hitachi S2600N). The topography of the LIPSS were
analysed using an AFM (Agilent 5500). The scan was performed using a contact
mode tip (Nanosensors TM PPP-CONTR-10, resonance frequency 6-21 kHz, tip
height 10-15 pm, force constant 0.02-0.77 N/m). A 10 um?® area was performed at a
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speed of 0.5 lines/s and a resolution of 1024. The surface roughness was calculated
using Picolmage Advanced (Agilent Technologies) software. Chemical analysis was
performed using XPS (Kratos Axis 165) to see if there is a change in the elemental
composition with increasing laser pulses. Samples were exposed to 15 seconds of Ar
cluster sputttering to decrease the carbon content present on the surface. The area of
analysis was 110 um and selected at random. The XPS values are highly dependent
on the location where the scan was obtained inside the spot.

2.4 Cell Adhesion Experiments
The key challenge in design was to ensure the mandrels did not move during cell
seeding and adhesion. Cells were seeded and incubated on stents placed on mandrels
and clipped in place with stainless steel clips (Supaclip 40, Rapesco) shown in figure
2. The mandrels were positioned on Teflon (1.5 mm thick), which was laser cut to
allow no contact of Teflon to the stent, shown in figure 2. A Picosecond laser (Trumpf
Trumicro 5050) was used at a repetition rate of 400 kHz at 1030 nm using 150 passes
at 2.5 m/s. The laser was also used to create grooves on the Teflon to position and fix
the mandrels in place. The Teflon holder allowed the stent to be as close to the bottom
of the petri dish as possible. The clips kept the stent fixed in place to ensure no
movement of the stent whereby cells could detach. A sufficient volume of cell culture

media was used to ensure the stents were fully covered.

Petri Dish
Teflo
//////”N/;/l/

Stainless Stainless
Steel clip Steel clip
//////”N///,}

Stent on
< >
mandrel

Fig 2 In vitro stent holder.

RAW264.7 monocyte-macrophage and MS-5 fibroblast murine cell lines were used in
this study. It is important to note that human pulmonary microvascular endothelial
cells (HPMEC) were also investigated and showed a positive response to flat surfaces
but as there was no difference between bare and rippled stents these results are not
included in the current study. The images are available in the supplementary
information, figure A. Cells were grown in Dulbecco’s Modified Eagle Media
(DMEM; Sigma), supplemented with 10% Foetal Bovine Serum (FBS; Sigma), 100
pug/mL of penicillin and 100 pg/mL of streptomycin. Cells were maintained in
humidified atmosphere with 5% CO, at 37 °C. On the day of the experiment,
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confluent cell flasks were removed from the incubator. Cells were harvested using
enzyme for fibroblasts or fluid wash for monocytes according to routine procedure.
Cells were spun down at 1500 rpm for 5 minutes and the final cell pellet was re-
suspended in fresh culture media. Cells were seeded onto the stent and left to attach
for 6 hours in the incubator. Afterwards, the reduced media was removed and fresh
aliquot was added. The next day, the samples were fixed with 2.5% glutaraldehyde
and 2.5% paraformaldehyde in phosphate buffered saline (PBS) overnight at room
temperature. The cells were then dehydrated in ascending dilutions of ethanol and
critically point dried (Quorum Technologies K850 CPD). Samples were gold coated
using a sputter coater (EMSCOPE SC500) and viewed under the SEM.

2.5 Live/Dead Assay
Cell viability was tested using a Live/Dead Assay (Live Technologies, Bio-Sciences,
Dun Laoghaire, Ireland) according to the manufacturer protocol. Titration was
performed for both calcein and ethidium bromide to define optimal dye concentration.
RAW264.7 cells were seeded onto flat SS, Pt:SS stent and 316LSS stent samples in
high (1x10° cells per well) concentrations. After 24 hours of co-culture, cell viability
was examined. A Varioskan Flash plate reader was used to harvest a fluorescent
signal from flat samples.

3. Experimental Results
3.1. LIPSS

Each stent was fully textured by combining an aligned array of spots at a laser
wavelength of 515 nm and 1030 nm. Each spot was exposed to 30 successive laser
pulses. The spot radius and threshold fluence were calculated using equations (2)
and (3). The applied threshold fluence of Pt:SS for 1 pulse was previously calculated
and it was found that with increasing number of laser pulses, the threshold fluence
decreases. '' The estimated applied threshold fluence of Pt:SS for 30 pulses at 1030
nm and 515 nm, are ¢y =0.12 + 0.02 J cm™and 0.10 + 0.01 J cm™ respectively. The
applied threshold fluence of 316LSS for 30 pulses at 1030 nm and 515 nm, are ¢gp =
0.11 £ 0.02 J em™ and 0.06 + 0.01 J cm™ respectively. There is a decrease in
threshold fluence with decreasing laser wavelength. Pt:SS and 316LSS LIPSS were
generated slightly above the applied threshold fluence at ¢ = 0.2 Jem™ with 30 pulses
for 515 nm and 1030 nm.

3.2. AFM
The topography of Pt:SS and 316LSS LIPSS on stents were analysed using AFM.
Un-textured surfaces were compared against 515 nm and 1030 nm laser wavelength
LIPSS. Changing the laser wavelength from IR to visible led to different LIPSS
features such as various period and depth sizes thereby changing the roughness. The
3D and side profiles of each parameter are shown in figure 3. The grain structure of
316LSS is clearly visible in figure 3(d) with grains approximately 10-15 pm in size.
From table 1, there is an increase in the LIPSS period and depth with increasing
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wavelength. In the case of Pt:SS the period has doubled, with an increase in depth of
105 nm, from 515 nm to 1030 nm. For 316LSS, the period has doubled, with an
increase in depth of 64 nm, from 515 nm to 1030 nm. The largest estimated increase
in surface area is 32% associated with Pt:SS 1030 nm LIPSS. There is an increase in
the roughness with increasing wavelength. From 515 nm to 1030 nm, the surface

roughness of Pt:SS has increased from 35 + 3 nm to 50 £ 3 nm and of 316LSS has
increased from 29 + 2 nm to 48 + 3 nm.
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Fig 3. AFM topography of Pt:SS (a) un-textured, (b) 515 nm LIPSS and (c) 1030 nm LIPSS; 316LSS
(d) un-textured, (e) 515 nm LIPSS and (f) 1030 nm LIPSS. LIPSS were generated at 100 kHz for 30
pulses at 0.2 Jem™.

Table 1. LIPSS period, depth and roughness (using AFM) and surface area for Pt:SS and 316LSS after
exposure to 30 pulses at a repetition rate of 100 kHz at 0.2 Jem™.

Pt:SS | 316LSS
Un-textured
Roughness, Ra (nm) 29+0.2 | 1.5+0.2
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515 nm 1030 nm 515 nm 1030 nm
Roughness, Ra (nm) | 34.5+3.3 49.6 £3.0 28.8+ 1.6 47.9+2.8
Surface Area 19.2+0.9 32.5+2.0 18.6 +1.7 25.9+49
Increase(%)
Period (nm) 388.7£9.0 | 740.0+£13.9 | 360.0+6.5 | 727.7£16.9
Depth (nm) 86.1 1.7 177.0£5.2 77.8+2.6 1422 +4.7

3.3. Live/Dead Assay

A live/dead assay was performed on un-textured flat SS surfaces, 515 nm LIPSS and
1030 nm LIPSS of RAW 264.7 cells. LIPSS were generated using 0.2 Jem™ at 100
kHz. There is a high concentration on an un-textured flat surface, shown in figure
4(a). This verifies that the surfaces are non-cytotoxic. There is a decrease in the
number of live cells attached to the surface with increasing LIPSS period and depth,
shown in figures 4(b) and (c). Figure 4(d) is a magnified image of cells grown on
1030 nm LIPSS illustrating healthy morphologies. This implies that cells respond to
a change in surface morphology or chemistry.

There is a decrease in the fluorescence of live cells (Calcein) with increasing LIPSS
period and depth for 515 nm and 1030 nm, respectively, shown in figure 4(a-c). This
is verified in the corresponding live/dead assay fluorescent values. The number of
dead cells (Etdh) is insignificant in all cases. There is a high fluorescent value for
bare media indicating that protein and fluorescent dye absorption has occurred on the
metal; this suggests that it is not an effective control.

There are limitations with performing a live/dead assay on a stent surface due to the
decreased surface area and the low concentration of adhered cells onto the surface.
When this assay was performed on stents no signal was detected because the
fluorescence was below the detection limit of the apparatus.
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18" (a) M Calcein'{live'marker)"
% 1

Etdh'(dead'marker)"

Fig 4. SEM images of RAW 264.7 on flat 316LSS (a) un-textured, (b) 515 nm LIPSS (c) 1030 nm LIPSS
and (d) Zoomed area of 1030 nm LIPSS, shown as blue box in (c). The corresponding live/dead assay

(d) performed using (a), (b) and (c).

3.4. SEM

SEM was used to visualize cell adhesion on the surface of the curved struts. Flat SS
samples were used as a control to identify the role of curvature and eliminate surface
area issues. Curved and flat samples that were treated with cell culture media only
were used as a negative control. There appears to be minimal protein deposition on
the curved control samples, shown in figures 5 and 6 for Pt:SS and 316LSS
respectively.

As shown in figures 5 and 6, when a curved non-textured sample is introduced
RAW264.7 monocytes attach onto the surface and grow without activating into
macrophages. Following laser exposure, fibronectin threads can be easily seen
between the cells, shown in figures iv(c). Also, large RAW264.7 clusters were found.
In the case of fibroblasts, they failed to make a firm connection with the curved
surface. With LIPSS covered stents, monocytes appear as single cells, loosely
adhered to the surface in figures iii(b) and iii(c), with some cells undergoing

10
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apoptosis. Fibroblasts formed a monolayer with healthy morphologies in the case of

1030 nm LIPSS unlike 515 nm LIPSS.
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No laser exposure (bare) 515 nm LIPSS

1030 nm LIPSS

Bare

Media

RAW 264.7

MS-5

iv(b)

iv(a)

Fig 5. SEM images of Pt:SS stent un-textured i(a) bare, ii(a) media only, iii(a) RAW 264.7, iv(a) MS-5;
Pt:SS 515 nm LIPSS i(b) bare, ii(b) media only, iii(b) RAW 264.7, iv(b) MS-5; Pt:SS 1030 nm LIPSS

i(c) bare, ii(c) media only, iii(c) RAW 264.7 and iv(c) MS-5.

11
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No laser exposure (bare) 515 nm LIPSS 1030 nm LIPSS

Bare

Media

RAW 264.7

MS-5

iv(a) 7 iv(b)

Fig 6. SEM images of 316LSS stent un-textured i(a) bare, ii(a) media only, iii(a) RAW 264.7, iv(a) MS-
5, 316LSS 515 nm LIPSS i(b) bare, ii(b) media only, iii(b) RAW 264.7, iv(b) MS-5; 316LSS 1030 nm
LIPSS i(c) bare, ii(c) media only, iii(c) RAW 264.7 and iv(c) MS-5.

3.5. Surface Chemistry

XPS was used to characterize the change in the elemental concentration of Pt:SS and
316LSS after femtosecond laser exposure. Table 2 illustrates the significant
differences in concentrations between a bare un-textured surface, 515 nm LIPSS and
1030 nm LIPSS. The elements in Pt:SS 515 nm LIPSS that have the largest

12
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percentage variation compared to un-textured Pt:SS are oxygen, iron and
molybdenum. At 1030 nm, the leading percentage variations are oxygen, platinum
and iron. The oxide layer has increased by 4.7% with 1030 nm LIPSS. For 316LSS,
oxygen, nickel and molybdenum have the largest percentage variations at 515 nm.
There is a difference response in iron and nickel between the two alloys. For 1030
nm, iron, chromium and molybdenum have the largest percentage difference. After
femtosecond exposure, the surface chemistry for both alloys has changed.

Table 2. % Concentration for Pt:SS and 316LSS elements using XPS after exposure to 30 pulses at a
repetition rate of 100 kHz at 0.2 Jem™.

Pt:SS (% Concentration)

No laser 515 nm LIPSS % 1030 nm %
exposure (bare) Variation LIPSS Variation
(0] 58.24 £ 1.00 62.60 = 0.69 +4.36 62.91 +£0.87 +4.67
Pt 16.17 £0.27 1741 +£0.16 +1.24 11.12+£0.18 -5.05
Cr 13.44 + 0.63 13.60 = 0.49 +0.16 12.95+0.51 -0.49
Ni 1.67 £0.64 0.97+£0.43 -0.7 0.14+£0.61 -1.53
Fe 8.28 £ 0.63 5.43+0.45 -2.85 9.89 + 0.65 +1.61

Mo 2.20+0.73

0.00 £0.71 -2.20 2.99 +0.81 +0.79

316LSS (% Concentration)

No laser 515 nm LIPSS % 1030 nm %
exposure (bare) Variation LIPSS Variation
(0] 70.56 = 1.00 74.59 +1.03 +4.03 70.29 £0.90 -0.27
Cr 16.79 £ 0.61 16.52 +£0.46 -0.27 14.80 £ 0.51 -1.99
Ni 1.86 £0.84 0.24 £0.58 -1.62 1.73£0.74 -0.13
Fe 8.27+0.69 8.07 £0.62 -0.2 11.27+£0.79 +3.00
Mo 2.52+0.49 0.59+0.42 -1.93 1.90 +0.43 -0.62

Discussion

There is no measured difference in the applied threshold fluence for Pt:SS and
316LSS for 1030 nm based on 30 pulses, yet there is a decrease in ¢y, 0f 0.10 £ 0.01J
cm™ for Pt:SSand 0.06 + 0.01 J cm™ for 316LSS for 515 nm. A decrease in threshold
fluence with decreasing wavelength is found, which implies that there is less energy
needed to ablate 316LSS at shorter wavelengths. This reduction can be attributed to
changes in elemental composition or reflectivity.

AFM was used to analyse the LIPSS structures formed on Pt:SS and 316LSS. The
period of the surface ripples is significantly smaller than the wavelength of the
incident laser beam. In the case of Pt:SS, the period is estimated to be 740 + 14 nm
and 389 = 9 nm when exposed to a 1030 nm and 515 nm laser beam, respectively. It
was found that the LIPSS period increases with increasing laser wavelength. For a
metal, the period of LIPSS (A) is related to the wavelength using the equation **:
A
~ 1+sin6 )

where A is the wavelength of the incident beam, + represents the back and forth
propagating surface wave at the surface of the metal and 6 is the incident angle of the

13
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laser on the surface of the material. Using equation 4, A is predicted accurately at
6=25 ° for 316LSS but does not capture the behaviour of Pt:SS.

The depth of the LIPSS also increases with increasing wavelength. The depth of
ablation depends on the absorption coefficient, thermal diffusion and radiative cooling
of the material. Because o is very high for metals (*10° cm™) the incident laser energy
is absorbed between a 10-20 nm depth. *° The effective penetration depth (o) is
proportional to the laser wavelength. For platinum, o™ is estimated to be 11 nm for
515 nm and 13 nm for 1030 nm. Hence, there is a marginal difference in depths
between the incident wavelengths used in this study. Using AFM, for Pt:SS, the
depth of LIPSS increased from 86 = 2 nm to 177 = 5 nm from a wavelength of 515
nm compared to 1030 nm; for 316LSS the depth has increased from 78 + 3 nm to 142
+ 5 nm. This increase in depth found experimentally could be due to changes in the
material after the laser interaction has ended. After exposure from a femtosecond
pulse the alloy material is likely to become amorphous thereby changing its optical
penetration depth. **** Likewise, after multiple-pulse exposure incorporating rapid
heating and cooling cycles, the alloy could evolve towards a metallic-like glass thus
transforming the optical properties of the material. ** This would allow for deeper
surface structures.

The heat diffusion length, Ir, is calculated by 2(D‘cl)1/ 2
and 1 is the laser pulse duration. 38 For stainless steel D is 0.04 ¢m
laser pulse duration of 500 fs, It is calculated to be approximately 2 nm. For
platinum (D = 0.25 cm?s), It is calculated to be 7 nm. The heat diffusion length
within a laser pulse is underestimated and does not capture the depths measured using
AFM. With multiple-pulse exposure, there could be an accumulation of heat, which
increases in depth after each successive pulse thereby increasing the total depth of the
LIPSS. Another factor that could contribute to a larger heat depth is the diffusion of
ballistic electrons into the bulk of the material. Ballistic electrons are high-energy
electrons that travel into the bulk of the material before thermalization.

where D is the heat diffusivity

%/s 3% and within a

The largest measured increase in surface area of 32% is associated with Pt:SS 1030
nm LIPSS and is attributed to the larger depth. Another measure of area, the surface
roughness, has increased by approximately 29.5 + 2.2 nm and 46.6 £ 0.2 nm for 515
nm and 1030 nm respectively.

On the biological side, one of the main challenges in this study was the limited
number of suitable bioassays. The stents in this study are metallic, have a small
diameter and length, an appreciable strut curvature, narrow struts and therefore a
small surface area available for cell adherence and growth. Only a small number of
cells are available for analysis. Fluorescent microscopy on a non-transparent 3D
object is difficult to perform, especially at high magnification. The structure of the
stent brings another level of complexity, as cells that are attached on other struts can
create a strong fluorescent background, which obstructs focusing on a particular plane
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during fluorescent analysis. For any quantitative test like a Live/Dead assay,
PicoGreen, Alamar Blue or ELISA, the number of cells per sample that we measured
were too low to produce statistically relevant results even when cells demonstrate
compatibility with the laser structured surface. Furthermore, in cases when cells failed
to adhere it was not possible to detect their presence. Due to these issues, SEM has
been chosen as the main technique for characterization of the bio response. It allows
us to evaluate sample cytotoxicity and study important parameters such as cell
attachment, growth, morphology, activation status for immune cells, cluster
formation, fibronectin webbing and protein deposition. None of the tested samples
demonstrated significant cytotoxicity as cells with a healthy morphology are present.

It is intriguing that cells showed notable selectivity to the surface modifications on the
structured stent. RAW264.7 monocytes have a clear preference for unstructured metal
surfaces. Cells were found with healthy morphologies with few that activated into
macrophages. Big cell clusters with dense fibronectin connections were also
observed. Only swollen dead cells were found on LIPSS surfaces. Factors that can
contribute to the adhesion and proliferation of cells on surfaces are surface
topography, chemical composition, surface free energy, stiffness and electrostatic
charge density. A change in any of these factors could result in the change in response
of RAW 264.7. Using a different cell type, Misra et al * found that osteoblast cells
had the largest response to hydrophilicity and grain structure on the surface of
stainless steel.

MS-5 cells failed to make a firm connection with unstructured surfaces. In addition
these cells were unable to attach onto the 515 nm LIPSS. In the case of LIPSS
generated by 1030 nm, the MS-5 cells attached and formed a monolayer with healthy
morphologies. The deeper LIPSS could create a “key-hole” effect thereby alloying the
MS-5 cells to attach and proliferate. This demonstrations that MS-5 cells prefer a
roughness value of approximately 50 nm. The adhesion, growth and spreading of
MS-5 cells on the surface of 1030 nm LIPSS verifies that the surface is non-toxic.
HPMEC cells were also examined on the surface of bare and textured stents in-vitro
yet the results were not consistent. More detailed work is needed to identify surface
patterns that suit endothelial cells.

The XPS study was performed to detect chemical changes on the alloy surface after
exposure to multiple femtosecond pulses at different laser wavelengths. It was also
used to interpret the response from the tested cell lines. From the XPS measurements,
it is clear there is a redistribution of elements at the surface after laser exposure. XPS
can penetrate the surface to a depth of approximately 10 nm therefore XPS examines
the oxide layer and bulk material. Table 2 shows changes to the following elements.
The oxide thickness of a bare Pt:SS stent surface is estimated to be 1.5 nm. * The
oxide thickness of 316LSS was calculated to be 3.6 nm. * There is an increase in
oxide thickness with an increasing wavelength for Pt:SS. The contrary is observed
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for 316LSS, there is a decrease in oxide thickness from 515 nm to 1030 nm. For
Pt:SS, there is a 6.3% decrease in Pt at 1030 nm.

It is unlikely that the oxide layer and concentration of Pt is a factor that affects the
response of MS-5 and RAW264.7 cells because both alloys have the same cell
response. In relation to Cr and Ni, there is a decrease in both elements implying that
the surface has become less toxic, except for structures generated on Pt:SS with 515
nm. While this should have a positive impact on the concentration of RAW264.7
cells from bare to 1030 nm the opposite is observed in this study. In the case of bare
to 515 nm there is also a decrease in the concentration of Fe. There is an increase in
the concentration of Fe from bare to 1030 nm and both alloys have a high percentage
of this element present, 37% Fe in Pt:SS and 61-72% in 316LSS. There is no explicit
indication on how cells respond to the Fe content in alloys. Some studies show that
the cytotoxicity increases in a Fe based alloy in-vitro, which reduces viability of
fibroblasts *® while others show an increase in fibroblast proliferation. 4" Based on the
XPS results in this study, it is assumed that fibroblasts are susceptible to Cr and Fe,
which corresponds to a decrease in Cr and an increase in Fe. It is as yet unclear what
chemical changes drive cell response.

Conclusion

Applied threshold fluence values were calculated on Pt:SS and 316LSS at 100 kHz
for 30 pulses at 1030 nm and 515 nm. There is a change in the threshold fluence
when decreasing wavelength. There is an increase in the LIPSS period and depth
with increasing wavelength. Using two wavelengths achieves different topographies.
It was found that the parameter to give the highest surface area was 100 kHz at 1030
nm for 30 pulses on Pt:SS with a 32% increase. Also, there is an increase in the
roughness with increasing wavelength.

Using SEM, it was determined that different cell types react differently to surface
roughness’s on a curved surface. Monocytes prefer un-textured surfaces with a
roughness value of several nm, while MS-5 cells prefer a surface with a roughness
value of approximately 50 nm. Similar cell responses were observed on Pt:SS and
316LSS stent surfaces. On a flat surface it was shown that the number of adhered
cells decreases with increasing LIPSS period and depth, confirmed using a live/dead
assay. This verifies that cells respond to a change in surface morphology and/or
chemistry. This also concludes that with the introduction of LIPSS the surfaces are
non-cytotoxic, as healthy morphologies are present. Flat samples were used to prove
the biocompatibility of the alloy surface after laser exposure. Because RAW 264.7
and MS-5 cells successfully attached to all un-textured and LIPSS covered surfaces, it
is safe to assume that stent topography is a large factor in cell growth. It was found
using XPS that the surface chemistry changes from bare to 515 nm and 1030 nm for
both Pt:SS and 316LSS. It is assumed that cells respond to changes in Cr and Fe but
there is no difference in cell interaction between the two alloys. From this, it is
concluded that surface topography generated by ultra-short lasers greatly influences
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cell behaviour. The surface chemistry does not change significantly but the
topography does. Although this study is preformed in-vitro one cannot assume the
same responses could occur in-vivo. A stent could be fabricated with various LIPSS
morphologies depending on the application. LIPSS allows one to quickly increase the
surface area and roughness of a surface without the use of chemicals. The integration
of laser-structured implants with specific topographies may offer new bio-
functionalities in the future. The stents used in this study (Pt:SS and 316LSS) have
already been developed and approved for clinical relevance. This study focuses on
surface modifications on a stent and recording a bio-response. We propose that this
in-vitro study is a good starting point from which in-vivo studies can progress to
clinical trials in the future.
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