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A B S T R A C T   

Flow diverter devices are small stents used to divert blood flow away from aneurysms in the brain, stagnating flow and inducing intra-aneurysmal thrombosis which 
in time will prevent aneurysm rupture. Current devices are formed from thin (~25 μm) wires which will remain in place long after the aneurysm has been mitigated. 
As their continued presence could lead to secondary complications, an absorbable flow diverter which dissolves into the body after aneurysm occlusion is desirable. 
The absorbable metals investigated to date struggle to achieve the necessary combination of strength, elasticity, corrosion rate, fragmentation resistance, radiopacity, 
and biocompatibility. This work proposes and investigates a new composite wire concept combining absorbable iron alloy (FeMnN) shells with one or more pure 
molybdenum (Mo) cores. Various wire configurations are produced and drawn to 25–250 μm wires. Tensile testing revealed high and tunable mechanical properties 
on par with existing flow diverter materials. In vitro degradation testing of 100 μm wire in DMEM to 7 days indicated progressive corrosion and cracking of the 
FeMnN shell but not of the Mo, confirming the cathodic protection of the Mo by the FeMnN and thus mitigation of premature fragmentation risk. In vivo implantation 
and subsequent μCT of the same wires in mouse aortas to 6 months showed meaningful corrosion had begun in the FeMnN shell but not yet in the Mo filament cores. 
In total, these results indicate that these composites may offer an ideal combination of properties for absorbable flow diverters.   

1. Introduction 

Cardiovascular disease has proven to be the leading cause of death 
and disability, affecting at least 126 million individuals worldwide [1]. 
In the US, it is prevalent in 49.2 % of the population >20 years of age 
[2]. Due to the temporary nature of vascular remolding and healing, it 
has been widely accepted that the long-term presence of vascular scaf
folds is not required and that the permanent presence of metallic im
plants may have deleterious long term effects [3–5]. Absorbable metals 
are poised to improve long term recovery from cardiovascular disease by 

providing percutaneous delivery of mechanically capable, biocompat
ible scaffolds that are fully absorbable within the specified time frames 
determined by the treatment indication [6]. New metal materials that 
are absorbable and biocompatible are under constant development, 
which are predominately based on Fe, Mg, Zn, and Mo alloy systems 
[7–11]. To date, absorbable metals have shown promise for adult cor
onary, pediatric pulmonary, adult peripheral vascular stents, and adult 
biliary stents [12]. Smaller vascular anatomies, like the neurovascular 
space, require smaller devices and present unique challenges for 
absorbable metals. 
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Absorbable materials have recently been suggested for use in a 
challenging neurovascular application, wherein flow diverting stents 
(FD’s) are used to treat intracranial aneurysms [13]. FD’s are placed in 
the parent artery over the aneurysm neck and function by diverting 
blood flow away from the aneurysm. This causes blood stagnation and 
clotting within the aneurysm sac and the device acts as a bridge for cells 
to grow over the aneurysm neck, ultimately leading to its occlusion [14]. 
Flow diverters are fundamentally distinct from balloon expandable 
stents in that they possess ultrathin wires ~25 μm in diameter which are 
braided into a tubular structure and can be deployed in a self-expanding 
manner [15–18]. Potential benefits for using an absorbable material 
platform for FD’s include reduced: side branch occlusion, chronic 
inflammation, imaging artifacts, and device induced thrombosis. To 
date, most absorbable FD’s have been fabricated from polyglycolic acid 
(PGA), poly-l-lactic acid (PLLA), and polycaprolactone (PCL) based 
polymers. High molecular weight PLLA based FD’s have been able to 
exert radial force values similar to commercial flow diverters when built 
with occlusively large struts (40–45 μm) to compensate for reduced 
elastic moduli (2–5 GPa) compared to metals, and/or containing 
non-absorbable radiopaque wires within the braid [13,19–21]. The 
large struts required by polymers present a host of technical challenges; 
an absorbable device which is in line with the geometry of existing 
non-absorbable metallic devices would greatly enhance the applica
bility. Absorbable metals may allow for such a construction. 

It is critical that a deployed FD not only achieve tight apposition to 
the vessel wall after implantation but also remain patent over time. 
These performance features depend largely on the flow diverters’ con
formability and the radial force that is exerted at the deployment 
diameter. Braided stent mechanical performance is intricately tied to 
stent design parameters such as wire diameter, braiding angle, open vs. 
closed loop configuration, and wire element friction, all of which have 
been the target of numerous finite element modeling studies to optimize 
complex design parameters [16,22–24]. While braiding design greatly 
affects the device performance, there are material properties that affect 
the mechanical performance of braided stents such as stiffness (elastic 
modulus), and elasticity [25]. A relatively high material elastic modulus 
provides greater radial force for a given geometry. High elasticity allows 
for greater wire flexion without permanent deformation during crimp
ing and deployment, key to self-expansion. In conventional materials, 
elasticity is closely approximated by the ratio of yield strength to elastic 
modulus. Current cobalt-chrome alloys, which are used in FD’s such as 
the Pipeline Embolization Device (Medtronic) [26], possess moduli 
values between 200 and 240 GPa and yield strengths exceeding 2000 
MPa, providing elastic strains on the order of 1 % [27]. In non-linear 
materials like nitinol, elasticity is driven by a phase transformation 
and can exceed 8 % [28]. Nitinol’s superelasticity can greatly expand the 
structural design space, facilitating a closed loop design [29] (e.g. 
FRED), while conventional materials with lower elasticity may benefit 
from an open loop configuration [26]. If these properties are not 
achievable for absorbable materials, considerable design efforts will be 
necessary to mitigate material shortcomings. 

Iron (Fe) has the potential to reach these mechanical benchmarks, 
and has re-emerged recently in clinical studies as a promising absorbable 
material candidate for endovascular stents [30]. Initial Fe stents suffered 
from degradation rates that were too slow, requiring considerable ac
celeration in order to achieve full absorption between 1 and 2 years [31, 
32]. Critically, uncoated Fe stents in porcine arteries maintain metallic 
structure up to 5 years, with continued resorption through 7 years [33]. 
Despite resorption rate drawbacks, Fe stents have made their way to the 
clinic in the form of the nitrided iron coronary scaffold (IBS) [34,35]. 
The scaffold applies an acidic PLDLLA coating with a buffer layer in 
order to tune biocorrosion, alongside use of reduced material cross 
section by using 53 μm strut sizes [36]. With this significant advance
ment, balloon expandable Fe stents in the clinic have been able to 
achieve degradation within 2–3 years in human vessels. Investigations 
of iron alloys have primarily focused on the FeMn system; Mn content in 

the range of 20–35 wt% provides excellent mechanical properties and a 
stable austenitic structure with reduced magnetic susceptibility [37,38]. 
Early work with Fe35Mn wire showed promising mechanical and cyto
compatibility properties [39], but the wires suffered from premature 
fracture due to corrosion-assisted cracking. A small addition of nitrogen 
to the alloy was found to greatly reduce, but not eliminate, this cracking 
tendency [40]. 

Our research team has explored Fe-35Mn-0.15 N materials (from 
here referred to as FeMnN) as potential candidates for absorbable FD’s 
[41]. On the benchtop, FeMnN and magnesium alloy WE22 
(Mg-2Y-1.5Nd-0.5Zn) FD’s were able to divert flow, functionally 
corrode, and were compatible with MR imaging [42]. Overall, FeMnN 
performed better in flow diversion function, in vitro corrosion, and 
radial force. Although promising, Fe based absorbable materials suffer 
from premature fracture and low radiopacity at such thin wire di
ameters, which is required to deploy these endovascular devices under 
fluoroscopic guidance. Radiopacity of metals is a function of density, 
atomic number, and material thickness [43]. Presently, Fe and Mg 
scaffolds that are being tested in the clinic possess non absorbable 
radiopaque markers to assist in device visualization and deployment, 
such as tantalum or platinum [13,44]. These permanent metallic 
markers negate the full absorbable function of the devices, leaving 
behind their non-absorbable radiopaque markers, which could poten
tially become sites of chronic inflammation/smooth muscle cell stimu
lation. Incorporation of fully absorbable and radiopaque components 
into FeMnN wires could eliminate the need for such permanent markers. 

Composite drawn filled tubing (DFT®) wire, with concentric layers 
of dissimilar metals, has been used in the medical device industry for 
decades [45] most commonly with a shell of CoNiCrMo 35N LT® alloy 
and a core of Ag (35N LT-DFT-Ag). This combination provides an 
excellent combination of fatigue resistance and conductivity and is 
prevalent in biostimulation leads used in pacing, defibrillation, and deep 
brain stimulation. A more recently introduced DFT construction has a 
superelastic nitinol shell and a platinum core, providing a wire with 
superelastic behavior and radiopacity. This construction has found use 
in many braided stenting applications, including flow diversion [46]. 
Variants of DFT wire containing non-concentric cross sections have also 
been considered but have founded limited commercial use to date [47]. 

There have been several attempts to use DFT technology to produce 
optimally-performing absorbable wires [48]. Shaffer et al. investigated 
FeMn-DFT-Mg composites and found that while they were manufac
turable, the Mg cores rapidly corroded once exposed [39]. Griebel et al. 
experimented with magnesium wires with cores of either pure zinc, pure 
iron, or other magnesium alloys [49]. These were again found feasible, 
but the Mg suffered from severe galvanic corrosion when paired with Fe 
or Zn. Efforts to mitigate the fragmentation risk of FeMn alloys by 
incorporating a thin filament of a non-degrading metal like nitinol or 
tantalum proved effective, but full absorption is not achievable with this 
configuration. On the whole, these efforts have shown the feasibility and 
potential to modulate degradation sequences of metallic wires but have 
yet to reach an optimal solution for thin neurovascular scaffolds. The 
recent introduction of molybdenum (Mo) as an absorbable material 
option opens a new design paradigm for the thin wires needed for 
absorbable flow diverters [11,50]. Pairing a shell of FeMnN with one or 
more Mo cores may provide a wire with good strength and elasticity, a 
corrosion rate further modifiable by the FeMnN/Mo galvanic pairing, 
mitigation of fragmentation risk through staged degradation, and good 
radiopacity from the Mo. Here, we sought to explore and prove the 
concept of this paradigm through the manufacture and testing of 
FeMnN-DFT-Mo wires with a variety of cross sections. This small animal 
pilot study demonstrates the feasibility of manufacturing FeMnN/Mo 
composites as well as characterizes their in vitro and in vivo corrosion 
behavior, radiopacity, and mechanical properties. 
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2. Methods 

2.1. Wire manufacturing and material testing 

All wire materials used in this study were prepared using conven
tional cold drawing techniques with single crystal natural drawing dies 
and mineral oil-based lubricants. Pure Mo wire with a diameter of 1 mm 
was purchased (Plansee, Reutte, Austria) and drawn to 250 and 80 μm 
diameters. FeMnN (target composition Fe-35Mn-0.15 N (wt%)) was 
vacuum induction melted and cast into 50 mm diameter ingots and hot 
forged to 12.7 mm. From there it was drawn to 250, 80, and 25 μm 
diameters via a sequence of draw and anneal cycles. The 12.7 mm 
FeMnN material was also machined into tubes with varying inner and 
outer diameters for production of FeMnN-DFT-Mo composites followed 
by similar draw practice to produce testable subcomponents. Composite 
wires were produced as follows: Wire A had a single Mo core filament 
which was 60 % of the cross section by area (approximately 67 % by 
weight). This wire was drawn to 250 μm, 100 μm, and 25 μm diameters. 
Wire B had 4 individual Mo filaments, each comprising about 1.5 % of 
the cross-sectional area of the total wire, resulting in approximately 6 % 
of the cross section being Mo (8 % by weight). One filament was central 
to the wire and three were evenly distributed around the periphery. This 
wire was drawn to 250 μm and 100 μm diameters. Wire C was prepared 
with 15 individual Mo filaments, each consisting of approximately 1.75 
% of the cross-sectional area of the wire, for a total Mo content of 26 % 
by area and 32 % by weight. Wire D had a single Mo core filament which 
was 20 % of the cross-sectional area (25 % by weight). This wire was 
drawn to 250 μm and 80 μm diameter. Finally, Wire E consisted of 13 
individual Mo wire filaments, 7 of which were 7 % of the cross-sectional 
area, each, and 6 of which were 1 % of the cross-sectional area, giving a 
total Mo content of about 55 % by area and 62 % by weight. This wire 
was drawn to 250 μm and 80 μm diameter. Representative cross sections 
for wires A-E are shown in Fig. 1. 

2.1.1. Tensile testing 
Industry-standard tensile testing was conducted for each wire at di

ameters of 80 μm or 100 μm, at a strain rate of 0.0033s− 1, using a two- 
column Instron 5569 tensile tester with pneumatic flat face grips at room 
temperature of 23 ± 3 ◦C. Strain hardening and associated wire strength 
were varied with cold work levels for these tensile tested specimens of 

90 % (FeMnN, Mo, Wire E, Wire F), 84 % (Wire A, Wire B), or 67 % (Wire 
C). Cold working by wire drawing is commonly used to simultaneously 
reduce diameter and increase tensile strength of wire materials [51]. 
The cold work levels selected here attempted to maximize strength while 
maintaining manufacturability, which varied by configuration. 

2.1.2. Prototype braided flow diverters and radial strength testing 
Braided FD’s were prototyped out of various wire configurations to 

establish a proof of concept for manufacturing devices out of the DFT 
composites and compare the resulting radial strength of devices 
composed of different materials. The FD’s were braided around a 4.75 
mm diameter mandrel using 16 individual, 80 μm diameter wires, 
composed of either pure Mo, FeMnN, or DFT wires D and E. The devices 
were cut to 2 cm length for radial strength testing. The crush resistance 
force, defined as the force required to crush the FD to half its initial 
diameter between two parallel plates normalized to device length, was 
measured using methods previously described in detail [41,52]. Three 
replicate devices were measured for each device type. 

2.1.3. Radiopacity assessment 
To confirm the expected high radiopacity of Mo, a series of 0.075 mm 

diameter wires of 304V stainless steel, Mo, W, Au, Pt, and Ta were 
placed onto a 12.7 mm Al plate to serve as a body mimic per ASTM 640. 
The samples were then imaged on a clinical GE Precision 600 FP imaging 
system with a Canon DREX-KL80 X-ray generator. Imaging parameters 
were set to 100 kV and 0.71 mAs. In this imaging mode, higher radio
pacity features appear brighter in the image. Grayscale pixel-intensity- 
difference method was used to quantify radiopacity for three regions 
of the wire. 

To assess radiopacity of the composite FeMnN/Mo wires used in this 
study, 250 μm diameter specimens were placed onto a 6.35 mm 
aluminum plate. A Pt/Ta composite wire was used as a reference. Im
aging and analysis were conducted as described above. The radiopacity 
of the braided prototypes described in 2.1.2 were compared with 
reference to ASTM 640. Additionally, a braid comprising 32 wires of 25 
μm Wire A was directly compared to a commercially available flow 
diverter (FRED; MicroVention, Tustin, California) composed of nitinol 
and tantalum wires. For this assessment, the braids were imaged with an 
Artis Zee angiography unit (Siemens, Erlangen, Germany) with a tube 
voltage of 70 kV. In this imaging mode, higher radiopacity features 

Fig. 1. Representative cross sections of the five composite wires used in this study illustrate versatility of the DFT approach. In these images, the outer shell is FeMnN 
and the darker filaments are Mo. 
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appear darker in the image. Five rectangular regions of interest were 
drawn along the length of each device using ImageJ. The mean greyscale 
value was recorded for each region of interest. 

2.2. In vitro experimentation 

2.2.1. Static in vitro corrosion 
Wires 1–2 cm in length from each configuration were cut, and then 

sanitized in 70 % ethanol before being moved into the laminar-flow 
hood where they are left for 24 h to evaporate any leftover ethanol. 
For the B wire imaged for corrosion product identification in Fig. 6., 2 
mL of DMEM without FBS was incubated with 1 cm segments between 1 
and 5 days and collected every day (5 replicates). For the comparative 
immersion experiments with wires A, B, and C, approximately 5 mg of 
wire segments were then incubated with 4 mL of either DMEM (D) or 
DMEM+FBS (DF) solution for the specified timepoints in six well plate 
tissue culture dishes. All cell culture fluid and protein solutions were 
purchased from Sigma-Aldrich. The addition of proteins was performed 
to test the effect of proteins on corrosion progression. Wires were 
incubated for 1, 3, and 7 days at 5 % CO2, 37 ◦C and a pH of 7.4. Media 
was removed and changed every 24 h. 

2.2.2. Metallographic preparation and imaging 
Following the in-vitro corrosion experiments, three sections of each 

sample condition were mounted vertically in epoxy and cut to expose 
cross-sections perpendicular to the longitudinal axis of the wire. These 
samples were prepared for optical and scanning electron microscopy 
following standard mechanical grinding procedures with SiC pads, and 
subsequent polishing with a water-based alumina suspension to a sur
face finish of 0.3 μm. Samples were washed thoroughly with ethanol 
between each grinding and polishing step after 800 grit to prevent 
contamination or scratching. Optical micrographs of the wires were 
obtained after polishing using an Olympus PME-3 microscope. Back
scattered electron (BSE) images of in vitro tested wires were obtained 
with a FEI Philips XL 40 Environmental Scanning Electron Microscope 
(SEM) operating at an accelerating voltage of 20.0 kV and processed 
with Oxford Aztec software (version 6.1). 

2.2.3. In vitro biocompatibility assessment 
Braids manufactured from FeMnN, Mo, Wire D and Wire E (80 μm 

wires, 16 wires, 4.75 mm diameter) were subjected to extract mediated 
cytotoxicity testing, in congruence with the ISO 10993-5 testing stan
dard. The samples were extracted in 1X Eagles Minimal Essential Media 
supplemented with 10 % fetal calf serum and 2 % antibiotics, at a surface 
area to volume ratio of 2.08 cm2/13.5 mL for 24 h at 37 ◦C. The extracts 
were PES membrane filtered before cell exposure. L929 fibroblasts were 
cultured until 80 % confluence and exposed to the extracts in triplicates 
over 24 h, 48 h, and 72 h incubation periods. Reactivity grades were 
scored via ISO 10993-5, and 10X images of the monolayers were 
uploaded to cell pose, where an automated segmenting profile was 
applied for cell counting. The results are detailed in Supplementary 
Fig. 1. 

2.3. In vivo implantations 

2.3.1. In vivo implantations 
All procedures were performed on an IACUC approved protocol at 

Michigan Technological University. Animals were anesthetized with an 
isoflurane mixture ranging from 1% to 3%. The surgical site was pre
pared, and a 100 μm wire ranging from 4 to 8 mm long was implanted 
into the abdominal aorta of C57Bl/6J (Jackson Laboratories) mice at 
approximately 12 weeks of age. A detailed account of the implantation 
procedure can be found here [53]. This approach in both mice and rats 
has proven to be an efficient and effective method to evaluate bio
corrosion of absorbable metals in a vascular environment. Animals were 
sacrificed at 1 month, 3 months, and 6 months post implantation. The 

experimental setup is detailed in Fig. 2. Wires corresponding to cross 
sections A, B and C of Fig. 1 were investigated in vivo. 

2.3.2. Micro CT (μCT) 
To characterize the degradation, the explanted wires were analyzed 

by computed tomography, using a Bruker Skyscan 2214 nanoscale X-ray 
computer tomography (μCT) scanner. The scanning parameters for the 
computed tomography scans were voltage 80 kV, current 150 μA, voxel 
size ranges from 299 to 380 nm (depending on the straightness of the 
wire), rotation step 0.2◦. The software NRECON was used to transform 
the longitudinal projection images into transversal sectional images. The 
analysis software DATAVIEWER was used for slice-by-slice inspection of 
the transversal images and the analysis software CTVOX was applied for 
realistic visualization of volumes with different density ranges by 3D 
rendering. 

2.4. Statistical analysis 

For radial force and radiopacity testing, the data is presented as the 
mean ± the standard error. All the groups were compared with a one- 
way ANOVA and a Tukey post hoc test using GraphPad Prism 10, with 
statistical significance defined as p values less than 0.05. Relationships 
between radiopacity and alloy density as well as molybdenum area 
percentages were determined using linear regression in Minitab 20. 

3. Results 

3.1. FeMnN-DFT-Mo composite material characterization 

The tensile curves of each material configuration presented in Fig. 1 
are shown in Fig. 3A. Table 1 shows the tabulated values from stress 
strain curves, performed in triplicate. The FeMnN and Mo wires possess 
approximately similar UTS (1945 ± 26 vs 1998 ± 1 MPa) and overall 
elongation (3.0 ± 0.4 vs 2.7 ± 0.2). There is a significant difference in 
modulus between FeMnN and Mo wires (162 ± 0.5 vs. 272 ± 4). Wire A 
displays slightly larger elongation compared to both Mo and FeMnN, yet 
an overall lower UTS. Wires B and C are less ductile and less strong when 
compared to FeMnN and Mo. Wires D and E show properties that are 
largely similar to FeMnN and Mo. Wires A and E show increased 
modulus above that of FeMnN (Table 1). 

The crush resistance force of braided FD prototypes composed of 
wires of pure Mo, FeMnN, and DFT wires D and E are presented in 
Fig. 3B. One of the pure Mo replicates was an outlier due to an error with 
the linear motion stage and was therefore omitted. The pure Mo devices 
exhibited the highest mean crush resistance force, and the FeMnN device 
had the lowest. The means of the two DFT configurations fell within the 
range of the FeMnN and Mo. The ANOVA was statistically significant, 
with a p value of 0.0002. When comparing individual groups, there was 
a statistically significant difference between all devices except the pure 
Mo and DFT Wire E. Generally, increased Mo content in the wires cor
responded to a higher crush resistance force of the braided FD’s. 

An x-ray image of Ø75 μm Mo compared to stainless steel and other 
radiopaque materials is shown in Fig. 4A. The grayscale value of the Mo 
(29.3 ± 1.5) was four times that of 304V (7.3 ± 1.5) and 60–73 % that of 
W (43.3 ± 2.1), Au (44.7 ± 6.1), Pt (48.7 ± 6.0), and Ta (40.0 ± 2.6). 
Statistical significance between these groups is shown in Fig. 4B. All the 
materials were significantly more radiopaque than 304V. There was no 
statistical difference between W, Au, Pt, and Ta. However, all these 
materials were significantly more radiopaque than Mo. Radiopacity in 
relation to material density is shown in Fig. 4C. An x-ray image of Ø250 
μm FeMnN and Mo monofilament wires and their DFT counterparts are 
shown in Fig. 4D. Resulting grayscale values and their significance are 
shown in Fig. 4E. The radiopacity was significantly different between all 
groups, other than Mo and Pt/Ta; and wire A and wire E. FeMnN (120 ±
2) is substantially less radiopaque than Mo (232 ± 1), which approaches 
the Pt/Ta composite (234 ± 1) in terms of radiopacity. Incorporation of 
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Mo filaments into the FeMnN shell greatly enhances radiopacity, in 
proportion to the amount of Mo in the cross-section (Fig. 4E and F). 

Imaging of the braids provided further confirmation of the radio
pacity enhancement offered by the Mo over FeMnN. The radiopacity of a 
32-wire Ø25 μm Wire A braid was comparable to FRED, a commercially 
available flow diverter (Fig. 5A and B). The majority of the radiopacity 
in FRED was imparted by several tantalum wires incorporated into a 
braid primarily of nitinol wires, whereas the DFT braid had a much more 
uniform radiopacity [54]. The 16-wire Ø80 μm braids (Fig. 5C) showed 
increasing radiopacity with increasing Mo content (Fig. 5D). These re
sults demonstrate that both device radial strength and radiopacity can 

be improved by increasing the Mo content in FeMnN-DFT-Mo wires. 

3.2. In vitro corrosion behavior and cytotoxicty 

We sought to evaluate the general corrosion behavior of the selected 
DFT composite configurations in vitro using a static culture immersion 
approach. Our conditions reflect DMEM fluid with and without proteins 
(“DF” and “D” respectively). Fig. 6 displays selected cross sections from 
these experiments, with the upper three rows of images taken with op
tical microscopy and lower three rows of images taken with SEM-BSE. 
During preparation, polishing artifacts were routinely seen resulting in 
etching like presentation for the optical microscopy group of images. 
This effect is significantly reduced when visualizing the materials with 
SEM-BSE due to the deeper origin depth of backscattered electrons 
within the interaction volume. Generally, we observed a substantial 
increase in corrosion activity upon the addition of proteins for all three 
materials. This trend is best exemplified by the 7-day timepoints in 
Fig. 6. When comparing D1 to DF1 at 7 days, significant material loss is 
seen in the DF1 group when compared to D1. The same trend is seen for 
D2 vs. DF2, and D3 vs. DF3 at 7 days (Fig. 6). The cross-sectional mi
crographs reveal cracks with the FeMnN alloy after in vitro corrosion, 
most pronounced in the Wire B propagating with a similar central crack 
to the middle Mo filament, but also in the Wire C growing towards the 
middle in between the 15 Mo filaments. Based on the setup of the DFT 
wires, the crack in the Wire A is the shortest by being stopped at the Mo 
filament. 

Cells were rated on their qualitative appearance at 72 h according to 
a reactivity grading scale (0–4, with 0 marking no cytotoxicity and 4 
marking severe cytotoxicity) given in ISO10993-5. Representative 

Fig. 2. Summary of in vivo experiments.  

Fig. 3. A) Stress-strain curves of composite wires, compared to FeMnN and Mo. B) Crush resistance force of braided FD’s composed of FeMnN, Mo, or DFT 
configuration D and E wires. *p < 0.05, **p < 0.01, ***p < 0.001. 

Table 1 
Summary of mechanical properties from each DFT configuration, performed in 
triplicate.    

UTS (MPa) YS (MPa) Elongation (%) E (GPa) 

FeMnN avg 1945 1623 3.0 162  
stdev 25.79 33.82 0.4 0.50 

Mo avg 1998 1701 2.7 272  
stdev 0.95 25.45 0.2 3.95 

Wire A avg 1859 1595 3.5 167  
stdev 1.30 16.24 0.1 10.15 

Wire B avg 1516 1277 2.1 146  
stdev 20.51 27.90 0.1 2.59 

Wire C avg 1255 1090 1.1 155  
stdev 24.38 15.87 0.2 5.49 

Wire D avg 1694 1603 2.1 148  
stdev 5.44 11.67 0.0 1.69 

Wire E avg 1996 1840 2.7 169  
stdev 6.89 9.44 0.1 3.04  
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images of the cell monolayers can be found in Supplementary Fig. 1. The 
positive control displayed severe cytotoxicity, with all replicates 
receiving a 4 ± 0 rating. FeMnN, and Mo braids displayed no overt 
qualitative cytotoxicity and were both graded 0, while extracts from 

braids of wire D and wire E were graded at 0.7 ± 0.6 and 1 ±
0 respectively, suggesting slight cytotoxicity. Cells were counted from 3 
representative fields of view of each replicate and presented in Sup
plementary Fig. 1. When tested by one way ANOVA, the dataset was not 

Fig. 4. A) X-ray image of Ø75 μm Mo compared to stainless steel and other radiopaque materials. B) Grayscale intensity values and statistical significance of the 
wires in A. C) Grayscale values in relation to density, a key factor in radiopacity. Notably, Mo (red arrow) is above the trendline. D) X-ray image of Ø250 μm wires 
used in this study, with a Pt-Ta composite for reference. E) Grayscale intensity values and statistical significance of the wires in D. F) Grayscale values in relation to 
the percentage of each wire’s Mo proportion. 

Fig. 5. A) Radiograph of commercial flow diverter (FRED) compared to a 32-wire braid of Ø25 μm Wire A. B) Grayscale values of regions of the stents shown in A. C) 
Radiograph of 16-wire braids of Ø80 μm wires of FeMnN, Wire D, Wire E, and Mo. D) Grayscale values of regions of the stents shown in C. 
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significant. When compared to the negative control at 48 h (97 ± 102 
cells/mm2), there appears to be a slight reduction in cell number for the 
FeMnN, wire D, and wire E conditions (15 ± 4, 41 ± 4, and 5.9 ± 2.6 
cells/mm2 respectively), although this reduction in cell number is not 
statistically significant. By the 72 h mark, extracts from FeMnN, Mo, 
wire D and wire E (106 ± 76, 190 ± 156, 99 ± 35 & 86 ± 86 cells/mm2 

respectively) appear to have minimal impact on cell number when 
compared to the negative control (133 ± 131 cells/mm2), which is in 
congruence with the qualitative assessment on cellular appearance via 
the reactivity scale. 

3.2.1. Corrosion product characterization 
After evaluating all conditions, we selected cross sections that con

tained the most voluminous product, which were found at 1- and 5-day 
static immersion in the non-protein containing solution for Wire B, to 
evaluate corrosion products. There was significant Mo Lα overlap with P 
and Cl and should not be interpreted as positive element presence in the 
filaments in both scans of Fig. 7. At day 1 (Fig. 7A), the corrosion 
product contains Fe, Mn, O, dispersed throughout the entire product. 
Interestingly, there is a Mn rich outer product that is not contiguous 

along the formed oxide, which is seemingly low in Fe. Ca and P are found 
predominately on the outer edge of the oxide that contacts the fluid. Cl 
can be seen within the product layer, although not distributed homo
genously throughout. Significant changes in the corrosion product dis
tribution of elements are seen when evaluating the 5-day sample 
presented in Fig. 7B. In some regions at the interface, Mn rich areas can 
be seen sporadically, which do not appear to stoichiometrically match 
Fe content. Based on O counts, oxide regions deeper within the wire 
cross section (closer to the central Mo filament) contain less O when 
compared to the regions that are closer to the fluid interface. Addi
tionally, the Ca and P maps are not in complete agreeance of localization 
at the fluid interface, suggesting another P containing species that is 
present other than a calcium-phosphate product. The Cl distribution 
appears to localize heavily at the metal-oxide interface, suggesting 
localized metal attack by Cl ions and an active metal interface that is not 
yet passivated. 

Fig. 6. In vitro corrosion analysis of the three DFT wires with Wire A, Wire B and Wire C filaments after corrosion over 1, 3, and 7 days. The upper three rows of 
images are taken with optical microscopy and lower three rows of images are taken with SEM-BSE. Scale bar is 50 μm. 
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3.3. In vivo corrosion performance 

3.3.1. Macroscopic evaluation 
Upon collection, wires were observed for general corrosion in situ. 

The arterial wall of the mouse aorta is thin (100–150 μm approxi
mately), and relatively transparent, allowing visualization into the 
lumen with appropriate lighting. Results are outlined in Fig. 8. The 
anchoring silk sutures are shown in yellow when visible. Between the 

yellow arrowheads the wires experience the luminal blood flow envi
ronment, while the regions outside the arrow heads denote the wire in 
the adventitia of the artery. At 1 month, most of the corrosion activity 
appears to take place in the adventitial region of the wire, with mini
mum activity within the lumen. At 3 months, Wires A and B experience 
progression of corrosion within the lumen space, while Wire C shows 
minimal progression within the lumen. At 6 months, there is significant 
corrosion activity for all three wires, with activity in the lumen, and 

Fig. 7. Corrosion product analysis on in vitro static corrosion tests for wire B in DMEM A) Wire B SEM-BSE and EDS maps at 1 day corrosion and B) at 5 day 
corrosion. Scale bar is 50 μm. 

Fig. 8. Macroscopic view of DFT implants within the abdominal aorta of mice at each implanted timepoint. Yellow arrows show suture points anchoring the wire 
within the vessel wall. Wire C is shown at 5 months instead of 6 months implantation. 
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adventitial segments of the artery. 
The progression of corrosion with time can also be seen from the 3D- 

reconstructed μCT images, see Figs. 9A and 10A. The Mo filaments, 
having a very high density, present themselves in white, with less dense 
FeMnN regions in gray, and the even less dense corroded regions in dark 
gray to black. The images reveal local corrosion, but no critical corrosion 
pits were found when compared with other Fe alloys [55].The 2D- μCT 
scans of the DFT wires degraded in vivo show surface and sub-surface 
corrosion (Fig. 9B). Wire A shows strong interfacial corrosion between 
the FeMnN material and the Mo core filament, acting as the cathode in 
the DFT wire. Surprisingly, after 6 months the Mo core filaments do not 
show any signs of corrosion attack. Wire B is the only wire configuration 
which gives evidence of cracks during in vivo corrosion (Fig. 9A and B 
and 10A). At 6 months, wire B reveals a crack all along the wires length 
and connects all the corroded areas. The sub-surface corrosion, seen 

mostly after 3 months, is developing completely along the FeMnN ma
terial including the surface. Also, wire C underlines the cathodic effect of 
the Mo filaments, with the FeMnN material is corroding in between the 
Mo filaments (Figs. 9A and 10A). Metallographic cross-sections, not 
shown here, did not reveal cracked FeMnN material. The SEM-EDS 
mapping of wire B from a 6-month implanted sample in Fig. 10B 
shows in agreement to the in vitro results, see Fig. 7B, that oxide regions 
(see O counts) reach deeper in the wire cross section towards the central 
Mo filament. The inner corroded areas contain less O when compared to 
the regions that are closer to the fluid interface. 

4. Discussion 

The concept of absorbable FD’s has been previously proven feasible 
in animal models using polymer-based scaffolds [13,19,21]. Critically, 

Fig. 9. A) Representative 3D-reconstructed images and 2D μCT of DFT wires A, B, and C after implantation over 3 months. 3D image from left to right: reducing the 
amount of tissue/product grown onto and into the degradation layer and second cutting further through the wire to reveal additionally cross-sections, 2D scans 
randomly chosen at degraded parts, wire diameter 100 μm and length up to 1 mm B) Cross-sectional micrograph of wire B, degraded over 3-month, a) metallographic 
cross-section by light microscopy, b) μCT -scans and c) 3D-reconstructed image. 
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these devices present challenges that are difficult to overcome with 
polymer material systems. The overall lower modulus and elasticity of 
polymers when compared to metal materials generally requires that 
devices fabricated from standard polymers to have larger strut di
mensions to compensate (≥40 μm), or in some cases incorporate per
manent metal wires within the braid to bolster device radial strength 
and self-expandability [13,19,21]. It should be mentioned however that 
flow diverters require lower radial strength requirements when 
compared to balloon expandable stents, which allows some polymer 
configurations to achieve success [14]. Regardless, absorbable metals 
such as Fe and Mo could provide increased strength, modulus, elasticity, 
and radiopacity at current state of the art flow diverter dimensions when 
compared to bioabsorbable polymer systems. In this work, a variety of 
composite wires with FeMnN alloy shells and one or more Mo cores 
(Fig. 1) were successfully manufactured and assessed for suitability as an 
absorbable flow diverter material. 

4.1. Mechanical properties 

In 2012, Schaffer et al. demonstrated that Fe35Mn alloys could 

exhibit greater than 1 % elastic strain and yield strengths >1 GPa [39]. 
We recently performed benchtop evaluations of FeMnN based flow 
diverters prototyped with individual wire diameters and an overall wire 
count comparable to FDA approved FD’s [41]. We found they exhibited 
crush resistance values that met current FDA-approved FD’s. Motivated 
by these findings, we evaluated FeMnN alloy for use in our DFT com
posites. The FeMnN displayed high yield strengths and a large range of 
elastic deformation, which is ideal for a self-expanding material. Our 
reported modulus values for FeMnN are slightly lower than currently 
used CoNiCr alloys, which would result in lower comparative radial 
force values but allows for greater elasticity for equivalent yield 
strengths. The higher modulus of Mo may limit elasticity but does confer 
good radial force. Employing the DFT wire compositing approach with 
FeMnN and Mo allows for tuning of the overall mechanical properties by 
varying the relative amounts and positions of each material in the 
cross-section, as demonstrated in Fig. 3A and Table 1. It is important to 
note that the primary deformation mode of wires in a braided FD is 
bending. In bending, the material near the surface (furthest from the 
neutral axis) experiences the highest strains and dominates the overall 
wire response. In these configurations, the FeMnN shell provides a 

Fig. 10. A) Representative 3D-reconstructed images (left) and 2D-nanoCT-scans (right) of wires- A (top), B (middle), and C (bottom) after implantation for 6 months. 
In the 3D images from left to right, the visible contrast limits are modulated to reduce the amount of visible tissue grown onto and into the degradation layer and to 
reveal additional cross-sections. 2D scans were selected to highlight typical degradation maxima. B) SEM-EDS mapping of wire B from a 6-month implanted sample. 
In all cases, wire diameter is 100 μm. 
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relatively high elastic response during initial deployment. Use of a 
tensile test to measure the elastic modulus weights all parts of the 
cross-section equally and does not account for the strain gradient in 
bending. Wires A and E both possessed tensile moduli higher than that of 
FeMnN, although with some variability which we speculate are due to 
manufacturing inconsistencies. Additionally, other wire geometries 
demonstrate some mechanical penalties when compared to the non-DFT 
forms. In Fig. 3B we demonstrated that devices prototyped out of DFT 
wires had a higher radial strength than FeMnN wires, with higher radial 
strength trending with increasing Mo content. One drawback of the 
experimental design presented here is the inability to fully recapitulate 
the complex loading that happens during deployment and long-term 
residence in vivo. Future work should attempt to describe the relation
ship between the DFT geometric configuration and mechanical perfor
mance both during deployment and in various stages of degradation in 
more realistic situations. 

4.2. Radiopacity 

The first absorbable FD attempts with polymers are plagued with the 
lack of radiopacity, due to the low atomic number and density of poly
mers. Innovative strategies to enhance radiopacity include BaSO4 coat
ings and mixing polymer melts with other radiopaque materials work to 
some extent [20,56]. Ultimately, Jamshidi et al. and Sasaki et al. 
included tantalum coated nitinol wires within the braid or, gold markers 
at the device ends, respectively, to increase radiopacity for their engi
neered FD’s, negating full absorbability [13,19]. The high atomic 
number and material density of Mo in relation to other absorbable 
metals will theoretically result in enhanced radiopacity. In this work, we 
have extensively characterized and confirmed this effect. X-ray imaging 
of Ø75 μm wires of stainless steel, Mo, W, Au, Pt, and Ta showed that 
while Mo was not as radiopaque as a material like Pt, it is not far off from 
Ta and provides dramatically better visibility than stainless steel 
(Fig. 4A and B). The incorporation of Mo into FeMnN using the DFT 
approach enables dramatic enhancements in visibility over a solid 
FeMnN wire (Fig. 4D and E), and this effect holds in proportion to the 
amount of Mo in the composite (Fig. 4F). This effect was further 
confirmed through testing of wire braids, a geometrical structure 
approximating actual flow diverter devices. Fig. 5A shows an x-ray of a 
simple 32-wire braid of Wire A where each wire is 25 μm in diameter, 
appropriate for flow diversion devices. Adjacent to this braid is a com
mercial flow diverter comprising many wires of nitinol as well as some 
tantalum wires for added visibility. Though the Wire A braid is not as 
intensely visible as the Ta marker wires in the FRED device, there is no 
significant difference between the two constructions, suggesting that a 
flow diverter using a Wire A type cross-section would have sufficient 
radiopacity to enable accurate device placement. While DFT technology 
is utilized in FDA approved neurovascular scaffolds to increase radio
pacity with a platinum core, to the authors’ knowledge this is the first 
instance of a DFT based wire material that concomitantly increases 
radiopacity while maintaining full absorbability. 

4.3. Corrosion behavior of FeMnN-DFT-Mo wires 

Generally, the overall corrosion morphology was similar with and 
without proteins. The obvious differences are the concentration of 
cracks, and the degree of corrosion activity. The addition of proteins to 
DMEM increases the corrosion activity for all three materials. For 
biodegradable Mg alloys, the corrosion rate decreases with increasing 
the complexity of the medium components [57]. Here, we document an 
opposite phenomenon regarding protein interactions when compared to 
Mg. This behavior for Fe-Mn alloys has been observed in other in vitro 
studies [58]. While the exact mechanism of corrosion interaction with 
proteins for Fe-Mn materials is currently unclear, the presence of pro
teins shows yet another dimension of changes in fluid biochemistry 
interacting with the metal surfaces. 

By 7 days of immersion, the activity of corrosion throughout the 
cross section of the composite materials is highly apparent for all con
figurations. Additionally, the presence of Cl at the metal oxide interface 
of the 5 day immersion sample presented in Fig. 7 suggests a non- 
passivating corrosion product layer, that is easily penetrable by 
aggressive Cl anions [55]. It is interesting that we generally do not 
observe large voluminous product accumulation which is seen with Fe 
materials in vitro (Fig. 6). We also do not see large accumulations of 
product in vivo throughout our experiments. (Figs. 9 and 10). A 
straightforward explanation could be the result of using the Fe35Mn 
system, which possess a 35 % by weight reduction of Fe material which 
would be available to form products. In vivo investigations of Fe to date 
generally use pure Fe materials that have been nitrided with a small 
amount of nitrogen comprising its total weight. An alternative expla
nation could be directly due to the sacrificial anode pairing of FeMnN 
with Mo. Through currently unknown reaction cascades, it could be 
possible that more soluble Fe species are produced than insoluble 
products. More detailed corrosion studies would need to confirm this 
progression and interrogate corrosion products with quantitative 
vibrational spectroscopies. 

Our 3 month and 6-month implants show an increase in corrosion 
activity via μCT. In agreement with the literature, the in vivo corrosion is 
much slower than in vitro, with 5 days in vitro in DMEM approximating 
the same volume loss as in 3 and 6 month in vivo (Figs. 9B and 10). It is 
expected that the Mo filaments do not corrode as long as there is less 
noble FeMnN material acting as an anode in these composite fine wires. 
Otherwise stated, as long as the more corrosion-active FeMnN species is 
locally available, the more noble Mo structure is preserved, thereby 
acting to delay strut failure events. The different DFT approaches will 
behave differently, as example, tissue can grow in between the Mo fil
aments and stabilize the composite wire under degradation in Wire B 
and Wire C. We did not observe any corrosion of Mo for any of the 
conditions investigated. Mo is known for degrading with a very uniform 
degradation layer [50] and we do not expect deviation from previously 
observed degradation morphology in these configurations. In fact, this 
expected uniform degradation paired with the demonstrated delay in 
Mo degradation suggests that these composites will likely resist pre
mature fracture of the bulk wires. 

We present a corrosion progression scheme for the generalized 
FeMnN/Mo pairing in Fig. 11. Upon initial contact with the physiolog
ical fluid, local coupling along the interface of the two materials initiates 
the corrosion reaction. As electrons flow from the less cathodic FeMnN 
material, the cathodic reaction proceeds on the Mo filament and iron 
ions are liberated from the anode. This local reaction continues and 
causes corrosion of the interface, which is seen for wire configuration A 
in Fig. 9. We see buildup of corrosion product as the corrosion reaction 
continues, which from our qualitative experiments does not inhibit 
progression of corrosion (Fig. 9.) We believe this is directly due to the 
distant coupling that happens along the length of the wire, which should 
theoretically continue until all FeMnN has lost electrical contact. When 
full degradation of the anodic FeMnN takes place, the Mo filaments 
should begin degrading similarly to mechanisms outlined in literature 
[50,59]. 

4.4. Biocompatibility 

Fe materials have demonstrated acceptable biocompatibility for use 
in the vascular system historically [30–34,60]. Initial reports using pure 
Fe demonstrated the slow of clearance of insoluble Fe products, with 
moderate inflammatory responses directed towards the stable oxides 
and phosphates [31,32,60]. Currently, the base of Biotyx Medical’s IBS 
scaffold consists of a plasma nitrided pure Fe, which successfully in
creases the corrosion rate of the material which experiences >95 % 
absorption at 13 months in rabbit abdominal aorta’s [30,33,34]. With 
this increase in corrosion, minimal lumen loss and neointimal hyper
plasia were observed. The authors suspect the product is concentrated in 
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macrophages and precipitated with hemosiderin, and successfully 
cleared through draining arterial lymph nodes. We observed a Fe 
product cloud that appeared to be biologically transported away from 
the implant site for multiple DFT wires at 3 and 6 months, which cor
roborates with the purported clearance mechanism of Fe materials (data 
not shown). Additionally, the endothelial favorability of Fe35Mn has 
been demonstrated in vitro [61]. 

We have performed extract-based cytotoxicity testing on FeMnN, 
Mo, Wire E and Wire D braids in vitro (Supplementary Fig. 1). No sta
tistical differences were noted in cell density when tested by one-way 
ANOVA. There were however slightly (non-significant) reduced cell 
numbers at the 48 h mark for FeMnN, Wire D, and Wire E conditions 
when compared to controls. This may suggest a slight impairment on the 
proliferation rate by the FeMnN material extract, however cell numbers 
were recovered at the 72 h mark to levels similar of the control condi
tion. It is interesting that the pure Mo extract did not impart a similar 
trend in reduction of the proliferation rate at 48 h. Furthermore, the cell 
density at 72 h was highest for Mo on average compared to any of the 
conditions tested. These preliminary results may hint at beneficial effect 
of Mo products on L929 proliferation, although rigorously designed 
experiments should be performed to determine the effective concen
tration range that would elicit this effect. Fe ions have been previously 
shown to reduce cellular proliferation and modulate gene expression 
[62], therefore the reduction in growth rate of L929 cells when cultured 
with an FeMnN based extract is not surprising. Although the apparent 
growth rate appeared to be slightly reduced, no major qualitative 
changes were observed in cellular morphology for any of the stent 
extract conditions, indicating acceptable cytotoxicity. 

Mo is a relatively new biomaterial, which was introduced in 2019 
and subsequent preclinical animal experiments performed shortly 
thereafter [11,50,63]. Initial in vitro experiments demonstrated that 
MoO4

2− could possibly exhibit differential toxicity towards endothelial 
cells, when compared with smooth muscle cells [59]. Sikora et al. 
evaluated pure Mo wires at 6 months in healthy C57 mice using the aorta 
wire model, and evaluated tissue sections for smooth muscle cell con
tent, endothelial cells, and macrophages. The authors found that CD31 
expression on the Mo containing neointimas, corresponding to endo
thelial cell coverage, was lower when compared to Pt controls [50]. 
There was no observation of progressive inflammation or smooth muscle 
cell toxicity. While this phenomenon should be further investigated, the 
application of Mo in the DFT configuration offers some benefits 
regarding biocompatibility. The overall amount of Mo used is lower due 
to its fractional cross-sectional presence in the geometry, and the 

migrating endothelial cells are largely protected by the outer FeMnN 
shell from Mo. Further, Mo degradation theoretically will not begin until 
the sacrificial anode effect of the shell is diminished, which should allow 
for appropriate endothelial bridging and neointimal tissue healing. We 
have not seen degradation of any of the Mo filaments in any of the in 
vitro or in vivo studies. We speculate the staged degradation would 
allow for the neointima to mature and fully reendothelialize, with local 
inflammatory cells experiencing the highest amount of Mo by the time 
degradation commences. In our current 100 μm FeMnN-DFT-Mo com
posites, Mo degradation would not commence within the first 6 months 
(Fig. 10), which could act as a stable endothelial bridge across aneurysm 
necks to allow robust healing. Future work should extend past the 
FeMnN degradation phase and analyze late stage Mo corrosion. 

5. Conclusions 

In this small animal pilot study, we can conclude the following:  

1. The DFT approach with Mo as a core material can be used to increase 
radiopacity of FeMnN wires as fine as 25 μm.  

2. Mo core(s) can provide mechanical tuning to FeMnN wires, 
providing higher crush resistance of FeMnN-DFT-Mo stents.  

3. In vitro corrosion of FeMnN-DFT-Mo composites is sensitive to 
corrosion media parameters such as protein content.  

4. FeMnN-DFT-Mo wires demonstrate absorbability at six months in 
mouse aortas, with FeMnN acting as the sacrificial anode.  

5. Mo corrosion has not been observed at 6 months in vivo, indicating 
galvanic pairing can prevent premature wire fragmentation. 
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