RESEARCH ARTICLE ENGINEERING

www.aem-journal.com

Effect of Blasting Treatments on the Surface Topography
and Cell Adhesion on Biodegradable FeMn-Based Stents
Processed by Laser Powder Bed Fusion

Birgit Paul, Anja Hofmann, Sonke Weinert, Frieda Frank, Ulrike Wolff, Maria Krautz,

Jan Edelmann, Michael W. Gee, Christian Reeps, and Julia Hufenbach*

Despite all progresses made so far, in-stent restenosis (ISR) is still a vital problem
after angioplasty and stenting with permanent stents. Therefore, the effects of
microblasting on laser powder bed fusion (LPBF) manufactured biodegradable
Fe-based stents with regard to surface topography and its effect on smooth
muscle cell (SMC) adherence, which could be interpreted as an early hallmark for
ISR, are characterized. The LPBF-processed Fe-30Mn-1C-0.025S stents are
microblasted with spherical glass beads and angular corundum particles. On the
microscale, the partially molten particles on the stents are significantly reduced
after the surface treatments, especially after microblasting with glass beads.
Angular corundum particles lead to a rougher surface on the nanoscale as
demonstrated by scanning electron microscopy and atomic force microscopy.
With the aim to reduce migration and proliferation of SMC, which contribute to
ISR after stenting, the interactions of microblasted stent surfaces with SMC are
assessed by fluorescence microscopy. Both microblasted surfaces reduce SMC
adhesion and change SMC morphology compared to the as-built state as well as
to commercially available 316L stents. In conclusion, microblasting treatment
shows a high potential for the postprocessing of additively manufactured, bio-
degradable stents due to the reduction of the surface roughness and possible
beneficial effect regarding ISR.

1. Introduction

Additive manufacturing (AM) allows the
fabrication of customized implants.
Especially the processing of alloys by laser
powder bed fusion (LPBF), the dominating
technology in metal AM presents an
efficient way to generate implants with
complex geometries and functional
integration.' ! Besides these advantages,
rapid cooling rates, occurring during the
process, promote, e.g., grain refinement,
extended solid solubility, and a reduction
of quantity and size of phase segregations,
which result in different microstructural
characteristics compared to conventional
processing routes.!*”!

LPBF has been investigated intensively
for nondegradable implant materials.!***”!
However, biodegradable alloys are of
increasing interest for temporary implant
applications.®'! After healing of the dam-
aged or diseased tissue, the temporary
mechanical support of such biodegradable
implants will slowly decrease, while degra-
dation occurs without the release of toxic
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compounds.'?'? Nevertheless, only few studies on LPBF

manufacturing of biodegradable Mg-, Fe-, and Zn-based alloys
for applications in hard or soft tissues exist."*~2! Especially, bio-
degradable FeMn-based alloys are attractive for this processing
method due to their excellent processability, attractive mechani-
cal properties, and a high mechanical integrity during degrada-
tion and a good biocompatibility.?’~2* These alloys are of high
interest with regard to filigree, biodegradable stent structures to
overcome clinical complications of permanent stents, like in-
stent restenosis (ISR), stent thrombosis (ST), or chronic inflam-
mation.?*?*! ISR is the gradual renarrowing of previously
stented areas due to, e.g., atherosclerotic plaque or neointimal
proliferation, while ST is the sudden formation of a thrombus
inside the stent.”®!

Cellular responses after stent placement are divided into
four phases: thrombosis, inflammation, proliferation, and
remodeling.?”! In the early phase, a thrombus forms due to
platelet adhesion, while simultaneously inflammatory processes
occur that are caused by endothelial denudation and injury of the
vessel wall. Then activated endothelial and inflammatory cells
release growth factors and cytokines, and thereby stimulating
the proliferation of endothelial and smooth muscle cells
(SMC), promoting a vicious cycle. In the remodeling phase,
SMC undergo phenotypic changes that are needed for migration
and proliferation, which could encourage ISR at the excessive
level. At this stage, SMC produce large amounts of extracellular
matrix thereby facilitating the remodeling of the vessel wall.”~%°!
A challenging issue in novel stent technologies is the develop-
ment of materials and surfaces that stimulate endothelial cell
adhesion and proliferation but simultaneously prevent SMC
adhesion, migration, and proliferation.[w]

One of the major challenges of LPBF is a defined surface
roughness. The surface exhibits a process-immanent higher
roughness after processing due to, e.g., partially molten particles,
which can cause stress concentrations under loading initiating
cracks.’"? Tt can be influenced by the LPBF processing param-
eters, e.g., laser power, hatch distance, laser scanning velocity,
as well as powder morphology, composition, or particle size
distribution.?*=>) However, a smooth surface is of great impor-
tance for applied stents, which is conventionally realized by
chemical treatment after laser cutting.*® The low roughness
is especially important during stent placement to reduce the
injury of endothelial cells and activation of SMC, thus to prevent
ISR. In addition, the surface roughness of the LPBF-processed
stent might result in a damage of the inflating balloon catheter.
For postprocessing of LPBF-processed components, chemical
(e.g., electrochemical polishing), physical (e.g., thermal spray-
ing), or mechanical methods (e.g., blasting treatments, milling)
are applied.?” " The mechanical method of blasting is
thereby widespread as first postprocessing step after the LPBF
process.>*”! 1t will introduce residual compressive stress in
the component surface due to plastic deformation, which has
a positive effect on, e.g., hardness, fatigue, and tensile strength,
as seen for other bulk materials.*"*?

Pure iron stents are known for their low degradation rates.
However, addition of 30 wt% manganese increases the degrada-
tion rate in vitro up to ~70%. This could be further increased in
the Fe-30Mn-1C-0.025S (FeMnCS) alloy, which has been devel-
oped by our group.>** Indirect in vitro tests with fibroblasts
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confirmed the cytocompatibility of the material. It was further
demonstrated that endothelial cells survived up to 14 days under
static conditions on as-built LPBF-processed FeMnCS generic
stent structures.*”) However, it was shown that vascular cells
favor the smoother parts of the stent surfaces, in between the
partially molten powder particles. Therefore, smoothening of
the surface might be essential for cell growth and affect SMC
and endothelial cells in a different way.*® Besides cellular
response, clinical implants of a degradable alloy need a smooth
surface and a homogeneous surface morphology to enable a uni-
form and controlled degradation. A balance of those different
aspects regarding implant surface has to be found. Surface treat-
ment of biodegradable Fe-based alloys is a critical step and novel
treatment protocols, e.g., by mechanical methods, have to be
established. In this preliminary study, the influence of micro-
blasting with glass beads or corundum particles on the surface
roughness, morphology, and surface elemental composition of
LPBF-processed biodegradable FeMnCS generic stent structures
is presented as well as its influence on SMC adhesion.

2. Experimental Section

As described previously,™® spherical powders with a nominal
composition of 68.98wt% Fe, 30wt% Mn, 1wit% C, and
0.02wt% S (FeMnCS) were used in LPBF process (SLM 250HL
with a 400 W Yb:YAG laser, SLM solution) to manufacture stent
structures. A point exposure strategy with a laser power of 100 W
and an exposure time of 400 ps was applied. The spot size was set
to 80 pm and the layer thickness to 30 pm, while the processing
chamber was flooded with argon.

Stent surfaces were treated with microblasting using 5 bar and
glass beads (0-50 pm; Hasenfratz Sandstrahltechnik) or white
corundum (Al,03) F600 (9.3 pm; Hasenfratz Sandstrahltechnik),
whereby each stent was treated separately. Their composition is
summarized in Table 1. Scanning electron microscopy (SEM;
EVO MA 25, Carl Zeiss Microscopy GmbH) images of the dif-
ferent blasting materials are shown in Figure 1. For this SEM
image, glass beads were sputtered with Au.

The surface topographies of the microblasted stents were ana-
lyzed by atomic force microscopy (AFM; Dimension Icon,
Bruker). Images were obtained in the tapping mode with a scan
rate of 0.5 Hz. The root mean squared roughness (Ry) was used
to evaluate the surface roughness based on a 20 x 20 pm? scan
area. A VHX-7000 (Keyence) was utilized to analyze stent

Table 1. Composition of glass beads and corundum particles used for
microblasting according to the manufacturer.

Composition glass beads Composition corundum particles

SiO, 70-75% Al,O3 99.69%
Na,O 12-15% Na,O 0.20%
Ca0 7-12% Fe,0; 0.02%
MgO max. 5.0% SiO, 0.03%
Al,O3 max. 2.5% CaO 0.05%
K,O max. 1.5% TiO, 0.01%
Fe,03 max. 0.5%
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Figure 1. SEM images of A) spherical glass beads (insert of adherent smaller glass particles) and B) angular corundum particles applied for microblasting

of FeMnCS LPBF-processed stents. Scale bars equal 10 pm.

roughness at the microscale regarding R, and arithmetic average
roughness (R,) following DIN EN ISO 4287:2010*”! and stent
strut width. The surface morphologies of the three different sam-
ples were observed by SEM (Leo 1530 Gemini, Zeiss).
Microcomputed tomography (p-CT) was conducted with a
Phoenix Nanotom M (General Electrics) at a tube current of
100 pA, a tube voltage of 100kV, and a scan time of 30 min.
While scanning the sample, 1000 absorption images were cap-
tured during a 360° rotation of the sample taken at discrete
angular positions with an exposure time of t=10.5s. The voxel
size was 7 pum. The resulting images were segmented using
ScanlP (Synopsys Inc.) segmentation software, for visual inspec-
tion of surface topology at the macroscale. Thereby, none of the
software’s built-in numerical smoothing algorithms for surface
smoothing have been employed to not alter surface topographies,
such that the visible surface roughness in the 3D models is lim-
ited only by the resolution of the underlying p-CT modality.
The geometries in Figure 2 will be used to build 3D computa-
tional mechanics models of stents at a later stage of the project,

to assess influences of surface topography, stent geometry and
anisotropic material properties due to the LPBF scan directions
relative to the stent struts on the mechanical performance of per-
sonalized stents.

The elemental composition of the treated stent surfaces
was determined by energy-dispersive X-ray spectroscopy (EDX;
Xflash4010, Bruker).

Primary human vascular SMC were isolated from the nondi-
seased part of the carotid artery obtained from a patient receiving
carotid-subclavian bypass prior to aortic endovascular repair. The
study was approved by the ethics committee of the Technische
Universitit Dresden (EK 151042 017). Informed consent was
obtained from each patient. Segments (1-2 mm?®) were placed
in Smooth Muscle Cell Growth Medium-2 with all supplements
(SmGM-2, Lonza, CC-3182) with 10% heat-inactivated FBS
(1.35 mL per 10 segments). After adding 40 pL of 1 N NaOH, this
solution was given into 1.3 mL Pure Col solution (Advanced
Biometric, 5005) in a 60mm dish. A gel was formed after
110 min at 37 °C, 4 mL of SmGM-2 was added, and the media

Figure 2. p-CT-ablated 3D models of FeMnCS stents in A,B) as-built condition, after microblasting with C,D) glass beads and E,F) corundum particles.

Scale bars equal 1 mm.
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Figure 3. SEM images of stents in different conditions: A,D) as-built, after microblasting with B,E) glass beads and C,F) corundum. Upper scale bars

equal 100 pm.

was changed twice a week. Outgrowing SMC were harvested by
Collagenase I digestion of the gel and trypsin treatment of
attached cells.

For adhesion of primary SMC, two rhombi of the stent struc-
ture (appr. 2mg) were sterilized for 1h under UV light.
Afterward, 300000 cells in 3mL SmGM-2 were seeded onto
stents placed in ultralow attachment plates (Corning, 3471).
After 4 h, stents were carefully transferred into 100 mm dishes
containing 20 mL SmGM-2 media. After 24 h, cell nuclei were
stained with Hoechst 33342 dye (0.2 mgmL™") for 20 min to
monitor cell adhesion. Cells were fixed with paraformaldehyde
and stained for alpha-smooth muscle actin (x-SMA) (1:100,
Sigma-Aldrich, A5228) and phalloidin (1:100, Alexa Fluor 568,
Invitrogen A12380). Alexa Fluor 488 goat antimouse IgG
(4 pgmL™', Invitrogen, A11029) was used as a secondary anti-
body for a-SMA, and stent samples were documented using a
Zeiss Axio Zoom (Carl Zeiss). SMC covered areas in relation
to the total stent area were quantified by using Image J.[**
Effects were compared to samples of commercially available
316L stents (Boston Scientific).

3. Results and Discussion

In this study, a generic stent structure of FeMnCS was fabricated
by LPBF having a relatively high surface roughness due to par-
tially molten particles. However, a potential clinical application
requires a smoother surface. As shown previously,**! endothelial
cells do not migrate onto process-immanent, therefore, larger
partially molten particles and a removal of such particles or par-
ticle height reduction is necessary. One possibility is the mechan-
ical process of microblasting, which is widely used for implants
and very efficient.*) Besides endothelial cells, SMC are in con-
tact with the expanded stent invivo, as well. A previous study
demonstrated that the adhesion of SMC is also influenced by
the topography of implant surfaces.*” Therefore, a surface mod-
ification has to be established that promotes endothelial cell and
simultaneously impedes SMC proliferation. This work focused
on the interaction of SMC with two different modified stent
surfaces.

Adv. Eng. Mater. 2022, 24, 2200961 2200961 (4 of 8)

3.1. Surface Characterization

In this study, LPBF-processed, biodegradable FeMnCS stents
were either microblasted with spherical glass beads (Figure 1A)
or angular corundum particles (Figure 1B) and compared with
the as-built state, which was studied previously.*”! Those three
modifications are presented in 3D models that were generated
from p-CT images (Figure 2). It is observable that roughness
due to partially molten particles was reduced by microblasting.
Furthermore, small deformations, at the end of the stent, became
visible that can be traced back to the blasting treatment of indi-
vidual stents and the manual handling for this purpose. This can
be reduced by a respective treatment of the stents, when they are
still fixed on the build plate. Further studies using microblasting
are planned to reduce these deformations and to investigate the
influence of microblasting on residual stresses and mechanical
behavior.

Using SEM, a more detailed view on the stent struts is possi-
ble. In the as-built condition, partially molten particles were
clearly visible, whereas microblasting reduced protruding
particles (Figure 3A-C). Roughness measurements at the micro-
scale confirmed these observations (Table 2). The root mean
squared roughness (R,) and arithmetic average roughness (R,)
of the microblasted stent strut surfaces were reduced from
3.17+£0.58 and 2.66+0.58um for glass treatment and
2.88+1.08 and 2.34 4+ 0.86 pm for corundum treatment com-
pared with the as-built surface 3.94 +0.77 and 3.27 + 0.62 pm,
respectively.*”! Conventional laser cut stents for cardiovascular
applications need an arithmetic average roughness <0.5 pm,>"

Table 2. Roughness of as-built stent struts and after microblasting with
glass beads and corundum particles.

Rq [m] Ra [pm] Rq [pm

(by AFM)
As-built*?! 394+£077 3274062 01183
Microblasted with glass beads 3174058  2.66+0.58 0.0885
Microblasted with corundum particles ~ 2.88 +£1.08  2.34+0.86 0.1599
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which was not achieved by the microblasting in this study.
However, a certain roughness for improved cell attachment or
drugloading is necessary."?>* There are sandblasted 316L stents
(1.96 £ 0.21 pm) commercially available,”® which are used as
polymer-free, drug-eluting stents. Therefore, corundum-treated

A

B
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7
‘™
0 nm o
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biodegradable stents (R, =2.34 £ 0.86 pm) might be an option
for such application.

A different effect was revealed at the nanoscale (higher mag-
nification of SEM images: Figure 3D-F) and was supported by
AFM measurements (Figure 4). Corundum-treated surfaces have

C
800 nm 100] [ glass beads
corundum particles| | !
300.1“‘\ [ \‘
2 B
3
= 200+
1004
0nm 0

X (pm)

Figure 4. AFM topography images of FeMnCS stent surfaces after microblasting with A) glass beads and B) corundum and C) corresponding profiles of a

line scan. Please note the differential scaling of the height images.

Figure 5. A) SEM image and B—E) related Si, Na, Ca, and O mappings of the FeMnCS stent surfaces after microblasting with glass beads. F) SEM image
and G,H) related Al and O mappings of the FeMnCS stent surfaces after microblasting with corundum. Scale bars equal 50 pm.
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a much higher Ry of 159.9nm at the nanoscale compared to
glass-treated surfaces (88.5 nm) since the irregular shaped corun-
dum particles can strongly penetrate the surface. This could most
likely increase the degradation rate, as seen for sandblasted Fe
substrates® and will be investigated in more detail in ongoing
studies. The conventional 316L stent, used as reference in this
study, had a very smooth surface with an R, of 7.889 nm.
Furthermore, the stent strut width was decreased by the surface
treatments, being 141.2 £16.3 pum in the as-built state, and
134.5+ 9.5 um in glass-treated to 115.7 £ 8.2 pm in corundum-
treated stents: increasingly strut material was ablated. A further
reduction of the stent strut thickness is desirable, since it will reduce
recirculation zones of the blood flow before and after the strut,
which can eventually activate the coagulation cascade.®>>®!

EDX mappings after microblasting revealed a certain incorpo-
ration or deposition of the blasting material into the stent surfa-
ces. For glass-treated surfaces (Figure 5A-E), small areas with
higher concentrations of Si-, Na-, and Ca-oxides were detected,
being the major components of the glass beads (Table 1). It is
assumed that smaller particles adherent to the glass beads
(Figure 1A insert) were pushed in the stent surface by larger glass
beads. A similar behavior was observed for sandblasted Fe sub-
strates, where Si signals were attributed to embedded SiC
particles.”” As Na- and Ca-ions are components of the blood
plasma, their very small amounts will most likely not affect cells.
It has been shown that Si-ions even enhance viability of endothe-
lial cells.?”) Due to the treatment with corundum particles,
Al-oxide was found on the stent surfaces (Figure 5F-H). Al-ions
exert neurotoxicity and have no assigned biological function.*®
However, Al,O; is a well-established bioinert material for

www.aem-journal.com

orthopedic implants as well as blasting material for surface mod-
ification of dental implant systems, showing no harmful effects
in these settings.>*¢°!

3.2. Smooth Muscle Cell Adhesion and Morphology

In further experiments, the adhesion of primary SMC from the
carotid artery to differentially treated surfaces was tested and
compared to commercially available, corrosion resistant 316L
stainless steel stents. The highest number of adherent cells
was observed for the as-built state and the commercial 316L stent
(Figure 6). The cells on the FeMnCS as-built stent showed a
remarkable different randomized organization within the
SMC orientation when compared to the well-structured flat
population on the commercial 316L stent. This is also resulting
in a lower area covered per cell (Figure 6E-H), and thereby in a
higher cell density (number of nuclei; Figure 6I-L).
Furthermore, surfaces after microblasting with glass beads
and corundum exhibited a significant lower cell coverage. In con-
trast to the 316L stents, which SMC coverage could be described
as flat, elongated and typical vessel-like, the FeMnCS stents
showed a higher height profile, randomized orientation, and
irregular nuclei morphology (Figure 7). The higher height profile
and subsequent lower adhesion area per cell might be a sign for
the lower ability to adhere to the FeMnCS stents surfaces. This
effect was even more pronounced on the microblasted surfaces.
The irregular nuclei morphology, especially observed in the
treated surfaces, can hint to ongoing cell death, i.e., necrosis
or apoptosis, and needs further clarification.

B

54.86%%

Figure 6. Attachment of primary smooth muscle cells on LPBF-manufactured FeMnCS stents in the A) as-built state and after microblasting with B) glass
beads and C) corundum. D) Conventional 316L stents served as control. Primary SMC were isolated from the carotid artery and seeded in passage 5 on
generic stents with different surface treatments. After 24 h SMC were fixed in paraformaldehyde and stained for a-SMA (green) and F-actin filaments with
phalloidin (red). E-H) Determination of the a-SMA-positive areas in % within the region of interest (dotted lines). I-L) Cell nuclei were stained with
Hoechst 33 342 dye to visualize cell density differences. Compared with the conventional 316L stent, FeMnCS as-built stents showed a lower degree of
organization within the SMC orientation. Scale bars equal 100 pm.
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Figure 7. Analysis of the surface-SMC—interactions. SEM images of SMC attached to stent structures, A-C) FeMnCS manufactured by LPBF in compari-
son to D) conventional 316L stents. A) As-built state and after microblasting with B) glass beads and C) corundum. Primary SMC were isolated from the
carotid artery and seeded on generic stents with different surface treatments. Cells were fixed 24 h after seeding. Scale bars equal 30 ym.

A previously published study revealed effects of surface treat-
ments on endothelial cells and smooth muscle cell adhesion.!*")
Vascular cells are important for integration of the stent in the
surrounding tissue. Due to this, adhesion of endothelial cells
and SMC should be initially favored.®!! However, adhesion
and proliferation of endothelial cells are more important because
a functional endothelial cell layer is antithrombogenic and anti-
proliferative, hence ISR or ST will be prevented. Previous studies
have already demonstrated successful endothelial cell adhesion
on such as-built surfaces.*”! In contrast, less adhesion of
SMC is beneficial due to effects on migration and proliferation
thus ISR would not be activated. A lower adhesion of SMC has
been demonstrated for other surface modifications on metal
stents and was seen positive.[3°‘62‘63] However, it has been shown
that an increasing surface roughness from 0.1 to 2 pm reduces
SMC proliferation on biodegradable Mg-based stents in vitro.*%!
In addition, invivo studies demonstrated that a smooth and
polished stent surface (arithmetic average roughness of about
40nm) resulted in a decreased thrombus formation and
neointimal hyperplasia compared to a rough stent (arithmetic
average roughness of about 140 nm).**% In further studies,
the influence of microblasting on proliferation and migration
rates of endothelial as well as SMC has to be analyzed to gain
more insights, since the roughness of 88.5 and 159.9nm at
the nanolevel for biodegradable FeMnCS stents microblasted
with glass beads and corundum particles, respectively, is not
too far away to clinically applied stent roughness.

4, Conclusions

In summary, this study demonstrated that the microblasting
with either glass beads or corundum particles of novel biodegrad-
able Fe-based stents affected their surface roughness, stent
morphology, surface elemental composition, and the adhesion
of primary SMC. The microblasting treatment clearly decreased
the roughness, whereby the roughness at the nanoscale of stents
after microblasting with corundum particles is higher due to a
stronger penetration of angular corundum particles.

It is important to note that the surface treatment with glass
beads or corundum particles caused effects on SMC attachment
with additional changes in cell morphology as seen in the as-built
state. A lowering in smooth muscle cell adhesions might be ben-
eficial in preventing ISR. Further studies are needed to analyze
cell proliferation, migration, and viability of SMC. Finally, effects
of the surface treatment on degradation rates, smooth muscle,

Adv. Eng. Mater. 2022, 24, 2200961 2200961 (7 of 8)

and endothelial cell physiology have to be addressed in the
future.
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