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Towards biodegradable Mg-based
ureteral stents: a comprehensive in vitro
study of two Mg-1Y stent prototypes
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Ureteral stents are fundamental devices in urology but currently used stents are associated with
adverse events such as encrustation and infections. Biodegradable magnesium yttrium (Mg-Y) has
shown potential as base material for a next-generation biodegradable ureteral stent due to reported
lower corrosion rates than pure Mg, homogeneous corrosion and associated antibacterial activity. In
the present work, meshed tubes were produced via additive manufacturing (AM) and extruded, and
coiled, wire tubes were fabricated. The corrosion behavior in dynamic conditions was studied, as well
as the cytotoxicity and antibacterial activity. AM samples showed faster corrosion (associated with
higher surface area and impurity level), while the extruded ones showed some localized corrosion
points. Additionally, AM samples demonstrated lower toxicity compared with the extruded-coiled
ones to urinary tract derived cell lines, at a low metal exposed surface area/volume ratio of 27.5 mm2/
ml. AM samples also showed antibacterial activity against E. coli. This study highlights the potential of
Mg-Y for the development of a biodegradable ureteral stent, an innovative concept with expected
improved patient outcomes.

Ureteral stents are currently indispensable medical devices in urology,
playing a crucial role in maintaining the urine flow in an obstructed ureter.
Ureteral stents are tubular shaped devices and themost commondesign has
twopigtails, onewill be in the kidney and the other in the bladder,whichwill
avoid stent migration. The majority of the currently used ureteral stents are
made of silicone or polyurethane and have side holes dispersed over the
surface1 Despite their efficiency in treating ureter blockages, ureteral stents
are associated with severe problems such as stent encrustation and urinary
tract infections2. In the most critical clinical scenarios, encrustation, i.e., the
deposition of urine salts on the stent surface, can obstruct the urine flow
leading to stent occlusion and the need for an early removal or stent
replacement. Moreover, ureteral stent associated urinary tract infections
(USAUTI) require the use of more antibiotics or even stent removal, which
increases the burden on the healthcare system and affects the patient’s
quality of life3. The incidence of these side effects increases with the stent
indwelling time, which varies depending on the treatment, but usually
between 2 and 6months the stent needs removal or replacing4,5. In response
to these challenges,many strategieshave beenproposed, including theuse of

biodegradable materials. A biodegradable ureteral stent eliminates the need
of a second surgery for stent removal since they are designed to degrade
naturally in the human body while fulfilling their purpose6.

Biodegradable metals, particularly magnesium (Mg) and its alloys,
have shown high potential as biomaterials due to favorable mechanical
properties for specific applications (such as bone implants), excellent bio-
compatibility and controllable degradation rate7–10. This has led to various
Mg-based biodegradable medical devices currently being available on the
market11–14. These include DREAMS 3G, a biodegradable metallic vascular
stent, MAGNEZIX®, a biodegradable metallic screw, the Resomet bior-
esorbable bone screw and Resomet bioresorbable K-wire and pin11–15. Mg
alloys have, therefore, been evolving well over the past few years, although
there are still many challenges related with Mg-based biomedical implants,
independently of some referred cases of success. These include rapid cor-
rosion in biological environments, especially in solutions containing
chloride ions (many body fluids), and the hydrogen liberation during cor-
rosion, that can delay the tissue healing16–18. For biomedical applications,
corrosion control is an important factor since an excessive corrosion rate
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will lead to premature implant failure, as well as a high accumulation of
corrosion products that can become toxic when released in higher amounts.
For example, accumulation of hydroxide ions (OH-) can lead to a critical
alkalinization of the local tissue, excess hydrogen gas liberation results in the
formation of gas cavities, and high concentrations of Mg ions can also be
prejudicial7,17,19–21. Thus, Mg corrosion must be carefully studied to enable
degradation control in a way that when implanted, the corrosion will be
adequate for the tissue healing time and the corrosion products releasedwill
be safelymanaged by the body. Additionally, themechanical strength ofMg
is relatively low, which for some applications is a major disadvantage.
Therefore, research on Mg-based implants has focused on developing Mg
alloys with better mechanical and corrosion characteristics22,23.

Yttrium (Y) is one example of a Mg alloying element that has been
widely used for increased corrosion resistance and strengthening
purposes24,25. AlloyingMgwithYhas been shown todelayMgcorrosiondue
to the Y2O3 protective corrosion layer forming on the surface26,27. The
improvement of Mg properties conferred by the addition of Y varies
depending on the alloy, i.e., amount of Y, processing route and on the
corrosionmedia16,28. In a previous work from this group, it was found that a
Mg-0.79 wt%Y alloy, manufactured by wire extrusion, had a homogeneous
corrosion rate in in vitro conditions in artificial urine9. Besides the
improvement of mechanical and corrosion properties, Mg-Y has anti-
bacterial properties, which is favorable for ureteral stents applications29.
Antibacterial activity is also seen in other Mg alloys and is attributed to the
alkalinity promoted by theOH- release during corrosion as well as theMg2+

ions themselves18,30,31. As mentioned, USAUTI is a growing problem, which
causes high economic burdens and suffering to patients1. When bacteria
colonize the urinary system, they are able to attach to the stent surface and
form a biofilm. Bacteria in the biofilm microenvironment are protected
against stressful factors of the surrounding media, such as host immune
system and antibiotics, leading to failed treatments1,3,32. This results in an
overuse of antibiotics and hence, contributes to the development of
antibiotic-resistant bacteria, one of themost worrying problems in hospitals
these days33. Therefore, the use of stent materials with incorporated anti-
bacterial activity is amajor advantage, since they can promote the treatment
success and diminish the use of antibiotics18. Thus, an ideal material for
ureteral stents would be able to reduce the incidence ofUSAUTI and be able
todegrade in the bodyafter fulfilling its rolewithout causing tissue reactions.
The researchonbiodegradablemetals forureteral stent applications is scarce
but some works have shown promising results. Tie et al. explored the
degradation and biocompatibility in vitro and in vivo (pig model) of ZJ41
[Mg–4 wt% zinc (Zn)–1 wt% strontium (Sr)]8. The results revealed that the
stent maintained its shape at 7 weeks – i.e., still being functional- and no
adverse reactions were detected. Zhang et al. explored the degradation rates
of pure Mg and ZK60 alloy [Mg −5.6 wt% Zn −0.5 wt% zirconium (Zr)]
in vitro and in rat bladder34. The authors found no harm in the urinary
systemafter 3weeks implantation.These studieshighlight the importanceof
developing a biodegradable ureteral stent with a suitable degradation time
and with the capacity to degrade without causing tissue toxicity.

In this paper the corrosion of ureteral stent prototypes is explored in an
in-house built dynamic system with a constant drop-flow of fresh artificial
urine solution (AUS) at 37 ° C for 7 days in order to follow, daily, the
samples’ corrosion, thuspermittinga focused anddetailed explorationof the
corrosion pattern over time. AUS was selected as a standard media for an
easy and more effective interpretation of results and comparison. Human
urine is very difficult to predict, since its composition and pH varies widely,
in the sameperson and fromperson toperson35. Built on a previouswork on
Mg-alloys for biodegradable ureteral stenting, in the present study, the
suitability of a Mg-Y alloy as ureteral stent base material was explored9. We
hypothesized that Mg with low amounts of Y (0.79–1 wt%) could give a
relevant corrosion and biological behavior for use as ureteral stents9. Sam-
pleswith similar compositionwere producedusing two different processing
techniques with the objective of exploring two differentmethods to develop
ureteral stents: additive manufacturing (AM-meshes) through powder bed
fusion laser beam(PBF-LB); andwire extrusion followedby coiling toobtain

tube-shaped springs. PBF-LB was selected given its ability to fabricate
complex geometries and rapidprototypes,while coiledwirewas chosen, as it
is a more established process for stent designs36,37. The analysis of these
prototypes involved characterizing the microstructure, corrosion layer
development, and overall corrosion behavior, as well as assessing their
cytotoxicity and antibacterial activity against common urinary pathogens
Escherichia coli and Staphylococcus aureus1. Since these stentmodels are not
expandable, which is the case of themajorityof ureteral stentsused, theAUS
will flowmostly on the outside of the stent, and some on the inside, through
the side holes of the stent –where such holes are present. However, this flow
pattern varies a lot with the stent design and ureter shape1. The findings of
this research provided important insights on the corrosion over 7 days
incubation inAUS, biocompatibility and antibacterial activityofMg-Y stent
prototypes, which will be essential for the future development of a next
generation biodegradable metallic ureteral stent.

Results
Microstructure characterization
Figure 1a, d present themacroscopic images of the ureteral stent prototypes
studied in this work. The microstructure of the AM-meshes and Extruded
coiled (EC) samples was analyzed by LOM and SEM (Fig. 1b, c, e, f). A
representative opticalmicrograph of theAM-mesh (Fig. 1b) shows that the
edges of the structure were not completely straight, but rather of a wavy
shape. This is typical for thin structures and often due to melt pool
instability resulting from variations in heat input. Figure 1c shows some
structural pores resulting from these variations in heat input, whereby
evidence of lack of fusion and gas porosity is present, due to both low and
high energy input, respectively. The SEM/EDS analysis on Fig. S1 (Sup-
plementarymaterial) shows that AM-meshed and EC samples have similar
composition on the edges, according to the EDS point analysis (Fig. S1a, b,
supplementary material), close to the surface of the samples. However, in
the inner part, AM-meshes have higher content of O and Y (Fig. S1 b),
supplementary material). Furthermore, Fig. S1c (supplementary material)
shows some brighter structures on the AM-meshed matrix, with a higher
content of O and Y, which may indicate the existence of yttrium oxide
(Y2O3). These are typically present along the surface of powder particles.
Given their high melting point (well above the boiling point of Mg), such
oxides are not completely melted during PBF-LB of Mg alloys and often
remain within the microstructure as cracked shells. Here, the micrograph
suggests that regions of agglomerated oxides were present within the
microstructure. This may have been due to low energy input at these
regions, which did not enable sufficient cracking of oxide shells, thereby
forming a network of such structures.

The EC samples’microstructural analysis showed the cross section of
the wire before (Fig. 1e) and after (Fig. 1f) coiling. At this scale, no evident
defects are noticed on the wires after extrusion or after the coiling process.
However, it is known from previous studies that the coiling process impacts
the microstructure of the samples38,39, since cold forming (such as this case)
leaves related obstructions such as dislocations and twins, providing
enhanced sites for corrosion attacks40. This leads to an impact on the cor-
rosion behavior as discussed later in this work.

Corrosion layer characterization
The corrosion tests were done in an in house built dynamic system, simu-
lating the urinary tract environment, for 7 days. Before contact with AUS,
the samples’ outer surface was analyzed. The outer surface area was
11.39 ± 0.22mm2 for AM-meshes and 9.31 ± 0.12mm2 for EC, indicating
that AM-meshes have a higher surface area compared with the EC ones,
which is due to the non-melted powder particles attached to the surface
during printing. Figure 2 shows representative 3D images obtained of (a)
AM-meshes, and (b) EC samples used for surface area analysis.

Figure S2a (see supplementary material) shows the development of
the AM-meshes’ corrosion layer on the external surface over the course of
the experiment. After 1 h in the dynamic system, a corrosion layer was
already established, characterized by the accumulation of crystal-like
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structures. From 24 h on, the corrosion layer had a smoother aspect,
although with the presence of some cracks. This smoothness could be
related with the constant flow of AUS along the surface. It could also be
seen that the corrosion layer grew until it accumulated and obstructed the
free spaces in themesh structure, as seen in the 5days’ timepoint.However,
at days 6 and 7, the mesh structure was visible again, even though signs of
severe corrosion were noticed. This was possibly because the corrosion
layer was not fully dense and as the thickness increased, it detached from
the surface and disintegrated.

The corrosion layer on the external surface of the EC tubes is presented
in Fig. S2b (see supplementary material). After 30min in the dynamic
system, the corrosion layer presented disorganized crystal-like structures
and after 1 h it appearedmore compact andwith cracks. The corrosion layer
accumulated preferentially in the spaces between each coil and in some
cases, such as at 5 d, it was thick enough to cover the space between two
consecutive coils, thereby demonstrating evidence of crevice corrosion.

Figure 3 summarizes the analysis of the chemical composition of the
corrosion layer developed on the external surfaces of AM-meshes and EC
tubes after 7 d in the dynamic system with AUS. In Fig. 3 a–c, the gray line

represents the data for AM-meshes, while the blue line represents that for
the EC tubes. The Raman spectra in Fig. 3a shows no considerable variation
in the measurements made within each sample, indicating a homogeneous
chemical distribution of the corrosion layer. This analysis also revealed the
presence of struvite and the typicalMg(OH)2, on both samples. In the XRD
analysis (Fig. 3b), theAM-meshes showed some additional peaks compared
to the EC samples, related to the presence of struvite and Mg(OH)2, which
were the same as the ones detected through Raman spectroscopy. In the
FTIR spectra both samples had mostly peaks associated with C-, N- and P-
containing molecules. The subtle signal for the typical Mg(OH)2 at
3696 cm−1 was detected for all the measurements41. The bands detected
around 3163 and 3488 cm−1 are attributed to O-H stretching and the peak
observed at 867 cm−1 is attributed to CO3

2-, associated to the apatite
structure41–43. The signals around 2366–2315 cm−1 and 1440–1463 cm−1

correspond to N-H stretching and NH3+ symmetrical bending, associated
with the struvitemolecule44. The peak around 1000 cm−1 corresponds to the
P-O link and at 760 cm−1 is the typical band of MgO45. Finally, the EDS
(Fig. 3d) confirmed the previous analysis, O, Mg, P and C being the most
abundant elements, and, interestingly, Y being one of themost abundant for

Fig. 1 | Surface and cross-sectional analysis of the samples.Macroscopic images (a, d), longitudinal cross-section SEMmicrographs (b, e) and optical microscopy (c, f) of
the AM (a–c) and EC (d–f) stent samples.

Fig. 2 | 3D images of the samples’ external surface. 3D images of a the AM-meshed, andbEC samples before immersion inAUS. The green area in the sample represents the
empty spaces.
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AM-meshes but not for EC tubes. On the other hand, Na and Cl seemed to
be present in higher amounts on EC tubes than on AM-meshes.

The percentage (weight) of corrosion layer developed on the samples’
surface along the time was estimated (Fig. 4a). For the AM-meshes, most of
the samples’weight after 7 days was corrosion layer, which is expected for a
sample with a rapid corrosion.

Corrosion characterization
To evaluate the corrosion, the samples’ corrosion layer was removed by an
etching solution according to ASTM G1-0346. The exposed, external, cor-
roded surface was evaluated by SEM, and the loss ofmaterial was studied by
analysis of the AUS samples through ICP-OES, weight loss calculation and
µCT analysis.

After removing the corrosion products, the external surface of theAM-
meshes appeared relatively unaffected for the first hour, according to the
electronmicrographs in Fig. 4c. The weight loss of over 10%within the first
hour of exposure (according to Fig. 4b) is probably masked by the high
surface roughness of as printedmeshes, as evidenced by the partiallymelted
powder particles on the surface (Fig. 4c). After 24 h, the corrosion was
already noticeable, given the smoother surface. From that time point the
corrosion evolution wasmore prevalent, as extensivematerial loss occurred
along the interconnected meshes, ultimately leading to material disin-
tegration, as indicated (circles) in Fig. 4c.

Regarding the EC tubes, Fig. 4d presents the SEM images of the
external surface corrosion over time. In the first hour, as expected, cor-
rosion initiated particularly along crevices between the coils. After 1 h,
corrosionmarks started to be seen, as revealed by the surface roughness. At
this point two types of corrosion were seen, most of the analyzed surface
presents shallow cavities, characteristic of homogeneous alloy dissolution
(Fig. 4d), yellow rectangles, which were very similar to the results of a

previous study, using the same wire without coiling in the as-extruded
condition9, while in some points localized corrosion took place and these
large areas of localized corrosion were characterized by accumulated small
corrosion pits (Fig. 4d), yellow arrows. According to Fig. 4b, there was a
high loss of material for AM-meshes. After 30min incubation, the AM
samples’ weight was already around 85% of the original and after 3 days
around 50%of the samplewas lost. The coiled sample, after 7 days, lost less
than 30%. These results are in agreement with the ones obtained for the
percentage of corrosion layer over time (Fig. 4a), as the fastest corroded
sample develops a thicker corrosion layer.

AUS samples were collected every day of the experiment to assess the
Mg and Y release over time (Fig. 5). Confirming the previous results, ICP-
OES data showed that AM-meshes have high degradation rate, given the
high release of Mg and Y from these samples. The maximumMg release of
ECwas right at the first contact of AUSwith themetal, 0.196 ± 0.0216mg/l,
and then0.118 ± 0.018mg/l at 7 d, while themaximum forAM-mesheswas
after 30min, 0.398 ± 0.096mg/l, and 0.266 ± 0.039mg/l at 7 d.

To complement the corrosion results, µCT was done on the EC and
AM-meshes before the experiment and at each time point (corrosion layer
removed by chromic acid). Obvious signs of corrosion were found on the
AM-mesh at 48 h incubation (Fig. 6e), where the wires of the network that
form themeshed tubebecome thinner and in someplaces of the sample they
were already completely degraded (see Fig. 6e), yellow circle. In fact, from
this time point, the amount of wires of the network that were totally
degraded increased, and all from the same side of the tube, which can
indicate that the flow of AUS had a preferential path through the sample.
After 7 days (Fig. 6j), more than half of the sample was degraded. After 1 h,
the EC tube already presented signs of corrosion (Fig. 6m), especially
between the coils (see the arrows in Fig. 6m). After 72 h, the ECwires started
to lose its rounded shape, which was more visible in one of the sides of the

Fig. 3 | Corrosion layer chemical characterization. Chemical analysis of the corrosion layer developed on the samples’ external surface after 7 days incubation in artificial
urine in dynamic conditions. a Raman, b XRD, c FTIR and d EDS analysis. For a–c, gray represents the AM-meshes and blue the EC tubes.
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tube (Fig. 6p).This canbedue to thepreferentialAUSpath along the sample.
In fact, the way that AUS flows will have a significant impact on the way the
samples corrode. Usually, in natural conditions, the flow of urine is not
sufficient to cover all the stent surface equally. This was also true for this
experiment, as a stream of artificial urine passes through the sample and
maintains that preferential continuous path over time. This causes part of
the sample to be more attacked by the AUS flow than others. After 7 days
with continuous AUS flow, it is possible to see that in some parts of the EC
tube, the space between consecutive turns increases.

Cytotoxicity
Figure 7 shows a summary of theMTS results and Fig. S4, supplementary
material, presents all the data obtained. The samples used for biological
studies were tubes (not meshes) for AM samples (AM_Mg-1Y_t and
AM_WE43_t) and extruded wires (non-coiled, e_Mg-1Y) for the
extruded ones. This was done to avoid error associated with the calcu-
lationof exposed surface area ofmore complex geometries. The results are
presented as percentage of living cells, taking the positive control (C+) as
the reference of maximum viability (100%). At 27.5 mm2/ml exposed
surface area, L929 cells seem to be more affected by AM_MgY_t than G/
G, as for the former approximately 65% of the cells were alive with the
direct extract (E100), whereas for the latter more than 70% of cells were
alivewith the direct extract (Fig. 7a). e_Mg-1Ywasmore toxic forG/Gcell

line, compared with AM_Mg-1Y_t, since when in contact with the direct
extract (E100) the cell viability was only around 30% (Fig. 7a). With 75%
extract, the viability of G/G increased to around 70% (Fig. S4, supple-
mentary material). AM_WE43_t appeared to be non-toxic for both cell
lines (Fig. 7).

To evaluate cell behavior in more extreme conditions, we followed the
recommendation of the standard (ISO 10993-12), where the suggested ratio
of exposed surface area/volume is 300mm2/ml. This is considered an
extreme condition in our case since we have degradable materials, which is
not taken into consideration by the standard. In these conditions, AM_Mg-
1Y_t was much more toxic to G/G cell line than to L929 (supplementary
material Fig. S4). The extract was only acceptable for G/G cells when in
12.5% concentration. e_Mg-1Y was not so toxic for cells as AM_Mg-1Y_t
but was still more toxic to G/G cells (Fig. 7b) and supplementary material
Fig. S4). AM_WE43_t was also more toxic to G/G cells (Fig. 7b) and sup-
plementary material Fig. S4). Nitinol was used on these tests as control,
given its widespread use in stents. This metal was also toxic for cells - with
exception of G/G cells for the AM-Mg-1Y_t experiments, despite being
non-degradable (supplementary material Fig. S4). Therefore, indeed the
sampleswere toxic to the cell lines tested but only under extreme conditions,
that do not directly translate to reality, where a constant flow of urinewould
avoid local metal ion accumulation. As a supplement to the MTS-based
cytotoxicity test, we performed live/dead assay (see supplementary material

Fig. 4 | Corrosion layer and corrosion characterization. Sample corrosion beha-
vior after being in contact with AUS for 7 days in dynamic conditions. a Corrosion
layer accumulated on the samples, in weight percentage, and standard deviations
considering at least 3 replicas. b Relative weight of metallic stent (% of initial) after
corrosion exposure and removing the corrosion products, and standard deviations

considering at least 3 replicas. c SEM images of the AM-meshes’ external corroded
surfaces over time. The circles highlight material disintegration spots on AM-
meshes, and d SEM images of the EC samples’ external corroded surface over time.
The rectangles highlight the shallow cavities and the arrows the spots of small
corrosion pits accumulation.

https://doi.org/10.1038/s41529-026-00836-2 Article

npj Materials Degradation |           (2026) 10:84 5

www.nature.com/npjmatdeg


Fig. S3). The live/dead results were in accordancewith the findings forMTS
and, even though in some cases MTS test showed almost 0% viability
(translated by the cells metabolic activity), the live/dead test showed that
there were some live cells in these conditions, e.g., for L929 E100 with
AM_Mg-1Y_t and G/G E100 for AM_WE43_t. This may indicate that
some cells were still alive even though their metabolic activity was affected.

To understand how the metals affect cell viability, one of the most
influencing factors of metal corrosion on cells was studied, i.e., the
alteration of cell media pH. We evaluated the pH change induced by the
metal incubation (Fig. 8a, b). This was done for both ratios of exposed
surface area/volume tested (27.5 and 300mm2/ml). With a ratio of
27.5 mm2/ml, G/G media (used for G/G cells) presented a statistically
significant increase when incubated with all stent prototypes. This
increasewas higher than the one recorded forDMEM(used for L929 cells)
in the case of AM tubes, while for extruded wires andWE43, the increase
wasmore significant for DMEM. For G/G cells, the lowest viability values
were with e_Mg-1Y, even though that was not the metal that led to the
highest pH value. For L929 cells, the lowest viability values were with
AM_Mg-1Y_t and e_Mg-1Y, and thosewere in fact themetals that caused
a higher pH increase.

Regarding the 300mm2/ml condition, the pH of both media (DMEM
and G/Gmedia) increased substantially, both being higher than 10. In both
cases, the AM_Mg-1Y_t sample caused the highest pH (almost 11). Inter-
pretating these results in light of the cell viability ones, for G/G cells,
AM_Mg-1Y_t indeed appeared to be the most toxic metal. For L929,
AM_Mg-1Y_t also appeared to be slightly more toxic than the other two,
although already at 50% dilution, no difference was found. Both the metal
release andpH increasemayhave led to a loss of cell viability.Nitinol didnot
cause a significant pH increase as its corrosion rate is lower and the formed
surface layer stabilized the pH at lower values, even though it negatively
affected the cells. Thus, Nitinol did probably release elements, such as Ni,
that were responsible for the cells’ loss of viability47.

Antibacterial activity
Finally, we evaluated the possible antibacterial effect of AM_Mg-1Y_t
against E. coli and S. aureus, common strains found in urinary tract
infections1. We used an exposed surface area/volume ratio of 27.5mm2/ml,
which was considered non-toxic for cells in this study. The bacteria were
placed in contactwith themetals for 24 h and then the viabilitywas evaluated
by CFU counting.We assessed the CFUs attached to the samples’ surface as
well as the CFUs in suspension. Nitinol was used as control. AM_Mg-1Y_t
was found to have an antibacterial effect against E. coli (Fig. 8c). More cells
attached to the Nitinol surface than on AM_Mg-1Y_t sample’s and there
were less CFUs in themedia of the samples containingAM_Mg-1Y_t. These
results indicated that the AM_Mg-1Y_t sample’s surface was less prone to
bacteria attachment than Nitinol and that the compounds released during
corrosion also hamper E. coli growth. For S. aureus, no antibacterial effect
was seen (Fig. 8d). This strainhadmore ability to attach to theAM_Mg-1Y_t
surface than on Nitinol’s and the products released during AM_Mg-1Y_t
corrosion did not impact the bacterial growth.

Discussion
In this work, Mg-1Y-based tubes were successfully produced as simple
representations of ureteral stent prototypes in the form of AM-meshes
and EC samples. This enabled an investigation of two different designs
and manufacturing techniques for production of biodegradable metallic
ureteral stents. The tubes’ corrosion was studied in dynamic conditions
with drop-flow of fresh AUS, which is an in vitro close representation of
the urinary tract. The cytotoxicity of the released corrosion components
was studied with standard L929 cells as well as a urinary tract derived cell
line, G/G, and the antibacterial potential of the AM tubes was also
assessed using relevant bacterial strains. In summary, this study is a
complete in vitro investigation on the functional performance of Mg-1Y
based stent prototypes, bringing us closer to the development of a bio-
degradable metallic ureteral stent.

The alloying ofMgwith Y is considered a good strategy to improve the
corrosion resistance of Mg, as has previously been verified by conventional
manufacturing techniques25–27, although some studies have showed the
opposite16,19,29,48. Indeed, corrosion of Mg alloys is highly dependent on the
composition, microstructure, immersion fluid, sample surface conditions
and experimental conditions (i.e., stagnant or dynamic)9,16,19. Therefore, in
this study the corrosion behavior was explored in vitro of ureteral stent
prototypes of the same base material but produced through different
manufacturing techniques. This way, the properties of each of them were
addressed and their individual suitability for ureteral stentswas investigated.

The Mg corrosion improvement conferred by the addition of Y is
related to the high affinity of Y to oxygen, compared toMg, which results in
the rapid formation of an oxide surface film Y2O3

27. The existence of dis-
solved Y in the Mg matrix hence typically contributes to a better corrosion
protection. InAM, the feedstockmaterial is in the formof powder and upon
contact with air, the powder surface is covered by an oxide layer, which in
this case would be MgO and Y2O3. Indeed, in a previous work where the
same powder as the one used here was characterized, EDS results revealed
that the powder surface is composed of Mg, Y and O, confirming that an
oxide layer including these elements is covering the powder particles49.
During the printing process, the oxide shells of the particles are disrupted by
the thermal expansion and partial evaporation of Mg. These oxides do not
melt as theirmeltingpoint is toohigh (around2438 °C),whichwould lead to
excessive evaporation ofMg during the process, as its boiling point is much
lower (1091 °C)48. The oxides will hence end up being dispersed in the
matrix andnot dissolved. Bär et al. have hypothesized a similar event in their
studies, where the microstructure of PBF-LB and cast WE43 was described
in detail48. The authors concluded that most of the Y in the PBF-LB-
fabricated samples is in the form of oxides (due to the already oxidized
surface of the powder), contrasting the cast samples that presented a higher
Y concentration dissolved in the Mg matrix. In the present work, the
amount of Y was low (around 1%), and it is likely that much of it is in the
form of dispersed oxides and not dissolved in the Mg matrix, thus, not

Fig. 5 | Elemental analysis of AUS samples probed in flow after various
exposure times.Concentrations ofMg and Y uncovered by ICP-OES in the artificial
urine samples (3 replicas) collected in flowduring 20minutes at various times during
7 days for AM-meshed tubes and EC tubes. The standard deviation is shown for each
time point.
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conferring the expected corrosionprotection. In fact, the EDSanalysis of the
meshed tubes (Fig. S1, supplementary material) showed that the interior of
the samples has higher O and Y than the coiled one, and there are brighter
points on the AM-meshed structures’ matrix rich in O and Y (Fig. S1c),
materials and methods) indicating the presence of oxides.

In this study, the corrosion data revealed that AM-meshes degraded
too fast, considering the desired indwelling time of ureteral stents being
2–6 months. This can be related not only with the structure design but also
the manufacturing technique and the material composition. The AM-
meshes presented a larger external surface area compared with the EC
sample,whichmay also have been a significant accelerator of corrosion. The
EC samples may have had an adequate degradation time since they main-
tained the tubular structure during the 7 days tested, however, areas of
preferential crevice corrosion were present, indicating that those points
might potentially lead to stent failure (fracture), thereby highlighting the
importance of selecting the adequate stent design as well as the most ade-
quate manufacturing method when developing biodegradable urinary
devices. The considerable difference in corrosion rate of AM-meshes and
EC samples is also likely to be related with the higher amount of impurities
present in the AM samples (see Table 1) compared with the EC. While the
Fe content in theECalloy (38 ppm) remainedwell below170 ppm tolerance

limit50, it was exceeded in feed-stock powder and printed stents (270 and
300 ppm correspondingly). Similarly, Cu content in the AM alloy was 30 to
100 times higher than that in the EC alloy. Fe, Cu and Ni impurities play a
dominant role in acceleratingmicro-galvanic corrosionofMgalloys due to a
large Volta potential difference relative to the Mg matrix and strong elec-
trocatalytic activity for the hydrogen evolution reaction.

Analysis of composition along the corrosion layer of the samples’
external surfacewas also carriedout. Similar elementswere revealed for both
geometries, which was expected given the same baseMg alloy composition,
as well as the same corrosion medium (AUS), and testing conditions.
However, the amount of some elementswas slightly different. This included
Y (see EDS analysis on Fig. 3d), which was found at high concentrations in
the corrosion layer of AM-meshed tubes but not in that for EC. Moreover,
Na and Cl- were present in higher amounts in the corrosion layer for EC
than in that of the AM-meshed tubes. This can be related to differences in
microstructure, particularly sincedifferent feedstockmaterialswere used. In
the case of AM-meshes, the powder feedstock likely contained a high
content ofY2O3present along the surfaceof the powder particles.Moreover,
given the low content of Y in the base alloy (1%), it is probable that most of
the Y was present as Y2O3, leaving little Y solute within the Mg matrix.
Hence during corrosion, it is likely that such oxides did not dissolve,

Fig. 6 | MicroCT characterization. MicroCT scans of the AM-mesh, control (a),
and after 30min (b), 1 h (c), 24 h (d), 48 h (e), 72 h (f), 4 days (g), 5 days (h), 6 days (i)
and 7 days (j) of corrosion; and EC, control (k), 30min (l), 1 h (m), 24 h (n), 48 h (o),
72 h (p), 4 days (q), 5 days (r), 6 days (s), and 7 days (t) of corrosion. u, v correspond
to the remaining sample volume of AM-meshes and EC, respectively, before the

experiment and after incubation in dynamic conditions in AUS for defined time
points (corrosion layer removed by chromic acid etching). The yellow circle
represents an example of a missing part of the sample, due to degradation, and the
yellow arrows show some examples of localized corrosion on the EC samples.
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resulting in a Y-enriched corrosion layer for the AM-meshed tubes. This
indicated that even though samples have similar base composition, the
different corrosion pattern (given the different manufacturing techniques
and geometries) leads to a slightly different corrosion layer, which in turn
directly impacts the surface protection against the surrounding media, and
thus, corrosion. Besides the individual samples’ characteristics, there are
other factors affectingMgcorrosion.The corrosionmediaused in this study,
for example, has aggressive components that will promote Mg corrosion,
such as Cl- ions, known to disrupt the protective Mg(OH)2 protective
layer51,52. While most of the studies on Mg corrosion use different media,
such as phosphate buffered saline (PBS) or simulated body fluid (SBF),
hereinweusedone that shouldmimic better thefluid the sampleswill face in
the natural environment, AUS. The composition of the AUS selected was
the one proposed in the ASTM F1828 – 97 standard53. The molecular
composition of AUS has some similarities with PBS and SBF and they share
the main elements, such as C, Na, P and O, and the aspect of the corroded
surface, such as the presence of pitting corrosion, is similar to that found in
Mg using other fluids54,55.

Despite the fast degradation, localized corrosion was not visible on
the AM samples, although one side of the tube degraded faster than the
other. This, however, seems to not be related with the sample’s structure
itself but rather with the way AUS flows through the samples. As briefly
mentioned in the results section, the AUS flow is not enough for the tube
to be completely immersed in AUS all the time, which means that the
sample is only partially exposed to the AUS. However, this AUS flow rate
was selected based on previous studies and on the normal amount of
urine production56,57. Therefore, the part of the sample through which
the AUS flow passes mostly might degrade faster. The AM-meshed
samples’ surface was also very rough due to non-melted powder parti-
cles. This factor may as well influence the corrosion, so future work
should include post process treatments to improve the surface
smoothness and evaluate the impact on corrosion. The rate of corrosion
for the EC sample seems to bemore adequate but localized corrosionwas
present. For this study a thinner extruded wire, with similar chemical
composition and same process setup, was used as that in a previous study
from the authors, where the corrosion of Mg-based extruded wires was
investigated under the same dynamic conditions9. In that study, theMg-
1Y was the wire with the better corrosion profile given its homogeneous
corrosion. In the present study, the same extruded wire was used to
produce the coiled tubes, the only difference was that this wire had a
smaller diameter. The coiling processmay be a determinant factor for the

appearance of localized corrosion due to the plastic deformation that
may lead to surface layer rupture and a higher propensity for localized
corrosion. Additionally, localized corrosion was primarily limited to the
spaces between two consecutive coils, which likely inhibited fluid flow in
these confined spaces, thereby blocking the access of fresh medium.
Therefore, even though the localized corrosion appearance may be also
related with the coiling process, the fluid flow may also have had a
significant influence. These results revealed that the fluid flow on the
stent’s surface will also dictate the corrosion pattern, thus having a direct
effect on the efficiency of the stent drainage. The extruded Mg-1Y wire
hence still seems to be a good option as base material for ureteral stent
development, but improvement of the wire coiling process and coiling
structure is necessary.

Cytotoxicity evaluation assays should represent the real environment
to as large extent as possible and be standardized so that different studies
with different biomaterials and cells could be compared. However, for
biodegradablemetals and specifically for the urinary tract, there is currently
no standard available. In our work, the objective was to fabricate a non-
expandable biodegradablemetallic ureteral stent, so the urothelium cells are
not in constant contact with the stent, given the peristaltic movements and
continuousurinepassage, but theywould constantly be exposed to themetal
corrosion products released. So, as a first approach for cytotoxicity eva-
luation of the ureteral stent prototypes, and to best simulate the real con-
ditions, we performed an indirect test where the cells were exposed tometal
extracts. The chosen cell lines were the standard L92958 and a cell line
isolated from mouse bladder, G/G cell line. Two different exposed surface
area/volume ratios were used, since there is not a recommended specific
value for these kinds of studies. First, 27.5mm2/ml and then 300mm2/ml
was used, following the recommendations of the ISO 10992-12 (for non-
degradable material). At the low exposed surface area/volume ratio,
AM_Mg-1Y_t led to a decrease in cell viability to 60–70% for L929 and to
70–80% for the G/G cell line, with the most concentrated extract (100%).
e_Mg-1Y samples were more toxic to G/G cell lines compared with AM
samples, leading to a decrease of cell viability to 30%with the direct extract.
L929 were more sensitive to AM_Mg-1Y_t and AM_WE43_t. Considering
the ISO 10993-558, if the cell viability is more than 70% with the undiluted
extract (100%), it should be considered that the sample is non-toxic, i.e., the
AMsamples could be considered toxic to L929 but not toG/G and extruded
samples were toxic to both cell lines, at these specific. This can be explained
by several factors. First, the culturemedia is different for the two cell lines, so
the samples may degrade differently, which can justify the variation in

Fig. 7 | Cytotoxicity of AM and extruded samples.
Cell viability assay (MTS) for L929 andG/G cell lines
after 24 h contact with metal extracts (AM_Mg-
1Y_t, e_Mg-1Y and AM_WE43_t), for 24 h at an
exposed surface area/volume ratio of 27.5 mm2/ml,
(a), and and 300 mm2/ml, (b). E100 represents the
direct extract (100%) and E50 50% diluted extract. 5
replicas per experiment and at least 3 independent
experiments were performed.
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toxicity of the AM samples to the different cell lines. The cells themselves
may have different responses to the alloy’s extracts, and the amount of
corrosion products releasedmay vary, given the distinct corrosion profile of
each sample, likely attributed to the different manufacturing methods.
These factors may in turn, influence the cell viability differently. At the
higher exposed surface area/volume ratio of 300mm2/ml, AM_Mg-1Y_t’
direct extract was toxic to the L929 cells, but already at 50% concentration,
the cell viability was around 80%. This was not observed for the G/G cell
lines, where a high toxicity was seen also for the 25% extract. Only the 12.5%
AM_Mg-1Y_t’ extract was non-toxic to these cells. For e_Mg-1Y samples,
the 50% concentration resulted in around 90% L929 viability, while for G/G
at 50%extract the viabilitywas around60%.Only at 25%extract theG/Gcell
viability was more than 70%. The AM_WE43_t results were very similar to
those obtained for e_Mg-1Y samples. These results indicate that AM_Mg-

1Y_t are more toxic to G/G cell lines than AM_WE43_t or e_Mg-1Y
samples, for these higher exposed surface area/volume ratios. In some cases,
a cell metabolic activity surpassing 100% (considering the error bars) was
observed, which may be associated with a variation in the technical and
biological replicas and/or increased cell proliferation.

Measurements of pH were also performed to understand the effect of
alkalinity on the cell lines. For 300mm2/ml, amore alkaline pHwas induced
by AM_Mg-1Y_t, which suggests that pH may have been influential in
causing cell damage. However, at low exposed surface area/volume ratio
(27.5mm2/ml), the increase of pH in media for G/G cell lines induced by
AM_Mg-1Y_twas slightly higher than the increase induced by e_Mg_1Yor
AM_WE43_t.Nevertheless, at these lowmetal exposed surface area/volume
ratio , the samples that led to higher toxicity to G/G were the e_Mg-1Y_t
ones. Hence, it seems that the difference in alkalinity given by the different

Fig. 8 | Antibacterial activity. pH variation in the cell culturemedia used when exposed to the tested stent prototypes (AM_Mg-1Y_t, e_Mg-1Y andAM-WE43_t) with two
exposed surface area/volume ratios, a 27.5 mm2/ml and b 300 mm2/ml and antibacterial activity of AM_Mg-1Y_t against E. coli (c) and S. aureus (d) after 24 h contact.
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samples was not sufficient to impact the cell viability. In this case, other
factors may be leading to cytotoxicity, such as excessive concentration of
Mg2+ ions59. For higher exposed surface area/volume ratio (300mm2/ml), all
the prototype stents induced a considerable increase in the media pH, but
AM_Mg-1Y_t gave the highest. These results are in accordance with those
of corrosion, where we found that AM-meshes samples degrade con-
siderably faster than EC ones. If the samples corrode faster, the con-
centration of corrosion products released to themedia, includingOH- ions,
are higher, promoting pH increase, even though most of OH- is consumed
for formation of precipitated corrosion products19,20.

The lack of standardization of cytotoxicity assays of biodegradable
metals for urinary applicationsmakes the comparison of different works
difficult, but some aspects can help understanding the results. Tian et al.
have studied three culture methods to represent the interaction of
human urothelial cells (HUCs) with Mg-based stents (Mg-4Y, AZ31
and pure Mg), and found that the different culture methods lead to
different cell responses19. This study also involved an exploration of the
impact of the media pH on the HUCs growth and it was found that at a
certain pH (8.6), the cell density considerably decreased and at higher
pH (9), the cells had a round shape, indicative of the severity of the
damage the high pH was creating. Here, we could see that a higher pH
than 9 was obtained, which can be one main reason for cell toxicity. It
should also be kept in mind that other components released during the
corrosion will contribute to a harsh local environment that may be
unfavorable to the cells7. Mg2+ for example can cause the depolarization
of the cell membrane if the concentration is too high (more than 10 mM
in a previous study)19.

The deviation of the test conditions from actual in vivo conditions
should also be taken into account. In the ureter, the urine is constantly
flowing and dragging away the released corrosion products, i.e., themetal is
not confined to a specific volume, as in the cytotoxicity studies. Based on
previous in vitro measurements of local pH10,we believe that in vivo the
increase in the local pH is not as high due to the constant urine flow, so it is
likely that the metals are non-toxic from this aspect. Indeed, at the high
metal surface area/media volume ratio, even the non-degradable, bio-
compatible Nitinol caused cell death. Nitinol is known as a biocompatible
material and largely used for stent development60,61.

The cell responses obtained in this study also highlight that the fabri-
cation method and sample corrosion time will impact the biocompatibility
of the stent, despite the utilization of the same base material and the same
environmental conditions.

USATI are very common in stented patients and one of the reasons for
stent failure, stent associated pain and increased treatment time3. For this
reason, a large portion of research onureteral stents has focused on avoiding
bacterial contamination29,62. In this work, we evaluated the antibacterial
properties of the additively manufactured Mg-1Y, given the antibacterial
properties associated with Mg and the alloyed Mg-Y18,29. One of the first
works reporting the use of Mg alloys for urinary stent application was the
work by Lock et al., where the antibacterial potential of Mg-4Y, AZ31
(Mg–3 wt% Al-1wt% Zn) and pure Mg against E. coli was explored29.
Herein, the AM_Mg-1Y_t samples were selected based on the previous
cytotoxicity results, where at low exposed surface area/volume ratio
(27.5mm2/ml), these samples showedno toxicity for the bladder derived cell
line (G/G). For the bacterial assayswe used the same exposed sample surface

area/volume ratio and two of the most common strains found in urinary
tract infections, E. coli and S. aureus, representingGramnegative andGram
positive bacteria, respectively3. The AM_Mg-1Y_t samples showed anti-
bacterial activity against E. coli, both by the release of corrosion products to
the cell media, given the lowest CFUs formed in suspension compared with
control and Nitinol, and by the surface corrosion activity, that was more
efficient in avoiding bacteria attachment, compared with Nitinol. On the
other hand, the same was not true for S. aureus. This strain was more
efficient in attaching to the AM_Mg-1Y_t surface than on Nitinol and it
grew normally in the presence of AM_Mg-1Y_t samples’ corrosion pro-
ducts. The antibacterial activity associated with Mg is reported to be asso-
ciatedwith its corrosion activity, specifically the high alkalinity promotedby
the release of OH- and the release of Mg2+ions18,31. For E.coli, one possible
mechanism leading to its sensitivity to Mg corrosion products is the high
amounts of H+ that these bacteria cells produce to neutralize the formation
of OH- during Mg corrosion, which results in damage of the proton elec-
trochemical gradient in the intermembrane space of bacteria18. Besides,
release of high concentrations of Mg2+ can also compromise the bacteria
viability, whereby the osmotic stress generated leads to bacteria death. In the
case ofMg corrosion, both events occur simultaneously, i.e., the pH increase
and the Mg2+ ion release, so the bacteria killing mechanisms are more
efficient, since one potentiates the other31. In this study, it is possible that the
phenomenon behind the antibacterial activity against E.coli is related with
both events, since the AM_Mg-1Y_t samples have a fast corrosion, liber-
ating OH- and Mg2+ ions in high quantities, which is sufficient to cause E.
coli cell death or compromised cell growth. The S. aureus strain seems to be
more resistant to these conditions, which can be related with the cell wall
structure. Gram-positive and Gram-negative bacteria differ mostly on their
cell wall structure; while Gram-negative bacteria have a thin peptidoglycan
layer separating the cytoplasmatic membrane from the outer cell mem-
brane, the Gram-positive bacteria present a thick peptidoglycan layer cov-
ering the cytoplasmic membrane, and does not present an outer cell
membrane. This different cell wall structure is in some cases the reason for
the different sensitivities of bacteria to antibiotic agents30. An additional
antibacterial coating covering a wider bacterial spectrum can be considered
in future studies63.

Overall, this study indicated that AM_Mg-1Y_t samples can be non-
toxic to cells and also antibacterial against specific strains, which is an
important characteristic for ureteral stents. The fast corrosion and rough
surface are, however, aspects that must be improved, through stent design
and/or alloy development and surface treatments. Nevertheless, we must
bear in mind that improving corrosion resistance means a reduction in the
released corrosion products (the antibacterial ions OH- and Mg2+), so this
can decrease the antibacterial potential. However, it is known that even a
slow corrosion means constant OH- and Mg2+ release at the sample’s sur-
face, sowhile a slow corrosionmaynot contribute to an antibacterial activity
in the environment surrounding the sample it could at least do so at the
surface, indicating that biofilm formation, which is one of the most pro-
blematic events in urinary infections, can become compromised31. This
antibacterial potential can contribute to a general reduction of antibiotic
administration. On the other side, the EC samples seem to have a more
adequate degradation time for ureteral stent applications due to the shape
maintenance over time, despite the events of localized corrosion that must
be avoided to prevent stent failure. Additionally, EC samples showed some

Table 1 | Chemical composition of the extruded wire

X-ray micro fluorescence (µXRF) Atomic absorption
spectrometer (AAS)

Inductively coupled plasma –optical emission spectrometry

Y Fe Cu Ni Si Y Fe Cu Ni

As extruded Mg-1Y 0.79 wt% 0.0038 wt% 0.0003 wt% <0.0001 0.0053 n/a n/a n/a n/a

Mg-1Y powder n/a n/a n/a n/a 0.007 0.889 ± 0.026 0.027 ± 0.001 0.032 <0.0009

As printed Mg-1Y n/a n/a n/a n/a 0.008 0.996 ± 0.035 0.030 ± 0.001 0.011 <0.0009

Chemical composition, in wt%, of the extruded Mg-based wires used in this work.
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toxicity against urinary tract derived cells, which should be investigated in
further studies.

Overall, the development of a biodegradable metallic ureteral stent is a
complex process given the large number of factors that influence the cor-
rosion and subsequent stent performance and biological interaction. Thus,
the ideal biodegradable ureteral stentwouldprovide an efficient drainage for
at least 2–3months, not cause any harm to the urinary tract and be resistant
to biofilm development. This is a substantial challenge, especially in the
urinary tract, which is a harsh environment and with a constantly changing
fluid composition, volume and flow rate. Notwithstanding, this study pro-
vided a complete evaluation of the performance of two ureteral stent can-
didates and an understanding of their corrosion patterns, cytocompatibility,
and possible antibacterial activity, thereby advancing the development of a
biodegradable metallic ureteral stent toward clinical reality.

Besides further work needed on the material and designs, this study
had some limitations related to the experimental set-up, namely the use of
AUS, used to eliminate the random variation of human urine, but it also
presents some disadvantages that will influence the corrosion, such as the
lack of dissolved oxygen, which is present in human urine10,64. Additionally,
the use of representative stent parts rather than full length stents, the non-
consideration of the peristaltic movements and the existence of free space
inside the system, will considerably affect the stent corrosion. It is our
intention to, in a future study, do a detailed corrosion investigation of the
internal and external surface of the samples and eventually a fluid dynamics
study. Therefore, in further studies using a full-length stent and human
urine pools may be considered, as well as using an intermittent fluid flow to
bettermimic the natural conditions and, finally, in vivo experimentsmay be
performed.

In this work we successfully produced two Mg-Y based ureteral stent
prototypes, through PBF-LB (AM-meshes) and EC. The AM-meshes
degraded considerably faster and in non-even manner, due to the non-
homogeneous fluid flow, indicating an early loss of efficiency. EC samples
showed localized corrosion, especially in the sites between two consecutive
coils, probably due to a poorer fluid flow and due to the coiled structure
itself, but a slower overall corrosion rate. The pattern of AUS flowmight be
an influential factor on the samples’ corrosion and further studies should be
conducted on this topic.

At low exposed surface area/volume ratio, AM-meshes did not show
toxicity against G/G cell lines, as the cell metabolic activity was higher
than 70%58. The EC samples presented toxicity, and especially against the
G/G cell line. Even though MTS is a straightforward and widespread
method to evaluate cell viability, it has some limitations, such as the
possible interference of the materials with the cells’ dehydrogenase
activity, which interferes with its proliferation. Future studieswill include
a more detailed biocompatibility study to evaluate the effect of the metal
extract on cell behavior. While AM-meshes did not show antibacterial
activity against S. aureus, it showed antibacterial effects against one of the
other most common strains found in stent-related urinary tract infec-
tions, E. coli.

Altogether, this study gave important details on the corrosion patterns
of two biodegradable metallic ureteral stent candidates produced by two
different methods, as well as their respective cytotoxicity and antibacterial
activity.

Methods
Sample preparation
The samples used in this work were produced either through additive
manufacturing or wire extrusion followed by coiling. After production, the
samples were washed by immersion in absolute ethanol and 5-min soni-
cation at 35,000Hz (Ultrasonic Water Bath, VWR). The samples’ external
diameter was selected based on the most common, non-expandable, uret-
eral stents dimensions (7Fr, corresponding to approx. 2.33mm external
diameter53) and on the average ureter diameter on adults 1.8 ± 0.9 mm,
maximum3mm65,66. In this optimization phase the full stent lengthwas not
used, but rather shorter, representative tubes.

Additively manufactured samples
The Mg-1wt%Y powder used to produce the additively manufactured
meshed tubes (AM-meshes) was produced by gas atomization (Nanoval,
GmbH, Berlin, Germany)–where the size of 50% of the particles (d50) was
equal to or lower than 39.4 µm. The chemical composition of the powder is
presented in Table 1. PBF-LB processing was carried out using an Aconity™
MIDI (Aconity GmbH, Herzogenrath, Germany). Printing parameter
optimization for thin Mg-1Y structures was done in a previous study49,
where it was determined that using a modulated wave (MW) laser mode
leads to improved corrosion resistance in AUS compared to the conven-
tional continuous wave (CW) laser mode, possibly due to the lower heat
accumulation during theMWprinting. The optimized printing parameters
for thinMg-1Y structures were hence 50mm/s laser scan speed, 50W laser
power, 0.01MHz lasermodulation frequency, 75 µs lasermodulationwidth
and 20 µm layer thickness for 80 µm spot size diameter under an argon gas
atmosphere with a flow rate of 1m/s. These parameters were also used to
produce the thin-walledmeshed tubes, AM-meshes, developed in this work
for the corrosion studies and the tubes (AM_Mg-1Y_t) used for cytotoxicity
and antibacterial studies Table 1 presents the elemental composition of the
AM-MgY samples along with the feed-stock powder composition.

The AM-meshes were prepared on Fusion 36066, using a standard
meshed tube model66. The diameter of AM-meshes and AM_Mg-1Y_t
were based on the most common ureteral stents dimensions and using a
single track to obtain thin-walled samples, which in this case was 0.32mm
wall thickness. The samples’ height was 20mm. To quantify impurities
inductively coupled plasma optical emission spectroscopy
(ICP-OES; Avio 200, PerkinElmer, Shelton, US) was used. Three probes
of ≈31mg (approximately one printed tube powder as well as 3 tubes were
dissolved in 5ml of 5%nitric acid (Fisher Scientific, Nitric acid 67%) for 1 h.
Before measurement, the solutions were diluted 10 times with 5% HNO3
and filtered with 0.45 μm syringe filters (Cytiva Whatman™ Puradisc PES,
UK). 3-5-point calibration lines were formed using a multielement Cali-
bration Standard (CPAchem, Bulgaria) for Fe, Ni, Cu, and Si (a 30 com-
ponents multielement standard), and for Y – MISA standard 1 with a
nominal composition of 100mg/L. Concentrations for calibration were
preparedwith dilution of the stocks as follows: 0 (blank of 5%HNO3), 0.005,
0.01 and 0.1 and 1 ppm for Fe, Ni, Cu and Si; 0, 0.1, 1 and 5 ppm for Y.
Calibration resulted in a 5 N correlation coefficient. All measured values
were basedon3 replicates andarewithin a relative standarddeviation (RSD)
of 3.5%. The measurements were performed in a cross-Flow configuration.

AdditivelymanufacturedWE43 (AM_WE43_t, 3.9 wt%Y, 3.0 wt%Nd,
0.49 wt%Zr andMgbalance) tubeswere used as reference in the cytotoxicity
tests given the alloy’s demonstrated biocompatibility, as well as its current
use in biomedical implants (although not yet in printed form)11,67. These
samples were produced using an EOSM100 printer (EOSGmbH, Krailling,
Germany) under an argon gas atmosphere. The printed tubes had an
internal diameter of ca. 1.57mm, external diameter of ca. 2.33mm (wall
thickness of 0.76mm), and a height of 22mm. The samples were printed
usingpreviously optimizedparameters consisting of continuous lasermode,
at 1100mm/s scan speed, 90W laser power and with a hatch distance of
0.05mm. The scan pattern was 67⁰ rotation between each layer, the layer
thickness was set to 20 µm, and the laser spot diameter 40 µm68.

Extruded coiled wires
The Mg-1Y (Mg - 0.79 wt%Y) alloy was cast and machined into billets of
49mm diameter and a length of 75mm for extrusion. Mg-1Y extruded
wires’ composition used in this work is presented on Table 1. Three tech-
niqueswere employed to identify the elemental composition of the extruded
and additively manufacturedMg-Y alloy: X-ray micro fluorescence (µXRF,
M4 Tornado, Bruker) atomic absorption spectrometry (AAS, 240FS AA,
Agilent) and inductively coupled plasma optical emission spectrometry
(ICP-OES, Acros II FHX22, Spectro Ametek). Prior to extrusion a homo-
genization solution heat treatment at 450 °C for 16 h in an air circulation
furnace Nabertherm N120/65SHA (Nabertherm GmbH, Bremen,
Germany) was carried out followed by air cooling. The billets were then
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extruded by direct extrusion to the minimum wire diameter possible,
0.6mm using a 2.5 MN automatic extrusion press (Müller Engineering
GmbH & Co. KG, Todtenweis/Sand, Germany) and associated coupled
coiler. For a more comprehensive overview of the wire manufacturing
process and the used setup, details can be found elsewhere40. The extrusion
was performed with a die with four nozzles of 0.6mm diameter equidistant
from the center position, corresponding to an extrusion ratio of 1:1736.
Extrusion parameterswere set to 0.05mm s−1 ram speedwith container and
die temperature of 400 ⁰C.

For the coiling, the wires were placed in the respective holder on the
coiling machine and pushed to the coiling center where it was pulled and
machined into coiling shape with the desired diameter (2.33mm external
diameter and 1.13 mm internal diameter). The spacing between the coils
was minimized to ensure the consecutive turns were in contact with each
other. The coiled wires (EC) were used for the corrosion studies while the
as-extruded wires (non-coiled) were used for the cytotoxicity studies
(e_Mg-1Y).

Microstructure analysis
For microstructure accessing, the specimens were mounted in MMA resin
(Demotec 30, Demotec, Germany) and allowed to cure for approximately
1 h before further preparation. The mounted samples were ground using
2500-grit SiC abrasive paper until a clear cross-section of the samples was
exposed. Subsequent polishing was performed using water-free polishing
suspension (OPS) and1 μmdiamond suspension toobtain a smooth surface
suitable for microscopic analysis. Selected areas were examined using a
scanning electron microscope equipped with energy-dispersive spectro-
scopy (SEM/EDS) (Vega III/OxfordAztec,Tescan/Oxford,CzechRepublic/
United Kingdom) to evaluate the distribution of elements from the outer
surface toward the inner regions of the samples. To reveal the micro-
structure, the samples were chemically etched under controlled conditions
using an alcoholic picric and acetic acid etchant. After etching, optical
microscopy (GX53, Olympus, Japan) was performed to observe and
document the revealed microstructural features.

Surface characterization–profilometry
Profilometry studies were conducted using an InfiniteFocusSL 3D scanner
(Bruker Alicona). 3D images were acquired from three different sections of
each sample, for reproducibility, using two lenses, 10X and 20X. The images
were analyzed using GOM software, to determine the surface area of the
outer surface.

In vitro dynamic conditions
For the corrosion studies a dynamic drop-through system was used as
described in a previous work9 (Fig. 9). The samples were placed vertically
inside plastic tubes (3.18mm diameter), which were positioned inside a
holder equipped with a water recirculating system for temperature control,
with the thermostat set to 37 ⁰C. These plastic tubes represented the ureter
and the internal diameter selected was based on the maximum diameter of
an adult ureter (3mm), considering that (i)we couldn’tmimic theperistaltic
movements of the ureter and (ii) we aimed to investigate the effect of AUS
and not the urothelium on the corrosion. It is indeed very difficult to
standardize ureter diameter since this is dynamic organ (it has peristalsis)
thus the diameter can vary substantially, especially in symptomatic
patients65. The connectors used to fix the plastic tubes in place also secured
the samples in place. Each sample tubewas connected to a pumping channel
and a common artificial urine solution (AUS) reservoir. The AUS used in
this work was based on the one proposed in ASTM 1828-9754and the
composition is provided in Table 2. To the list of reagents proposed on the
standard, we added sodium azide, to avoid bacterial contamination. The pH
of the AUS was checked to be between 6 and 7 every time a solution was
prepared. TheAUSflowwas set to 0.5ml/min, based on the average value of
urine production by the humanbody (1–2 L perday)69. At this lowflow rate,
a small amount of AUS is constantly flowing through the samples, like a
weak flow, i.e., the samples are not fully immersed (see supplementary
material V1). Therefore, we refer to it herein as a drop-through system. 10 L
of AUS was prepared each time to guarantee constant fluid flow. The
reservoir with freshly prepared AUS was constantly feeding the system and
the AUS path was in “one way”, i.e., the AUS was pumped to the samples
and discarded in another reservoir. Samples were collected from the system
for analysis after 30minutes, 1, 2, 3, 4, 5, 6 and7days.These timepointswere
selected based on a previous study on extruded wires in AUS9 and con-
sidering the fast corrosion of the AM-meshes during the experiment, given
the lack of other work on additively manufactured Mg-1Y in AUS.

Corrosion layer
The corrosion layer developed on the samples’ external surface during the
7 d in in vitro dynamic conditions was characterized by SEM for mor-
phology and Raman spectroscopy, X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR) and energy dispersive x-ray spec-
troscopy (EDS) for composition. The percentage of corrosion layer accu-
mulation on the whole sample was also quantified by weighing the sample
before and after corrosion layer removal and calculating the weight

Fig. 9 | Dynamic system. Representation of the
dynamic conditions used in the present work to
study the samples’ corrosion. Some elements of this
figure were acquired from Biorender (https://www.
biorender.com/, free version).
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percentage of corrosion layer. The composition and aspect of the corrosion
layer give important data on the corrosionof the sample, being an important
step to better interpretate the corrosion results. The fluid flow in the stented
ureter is very complex; it is difficult to predict the urine path along the stent
surface. There are a few studies focusing onunderstanding this behavior and
they claim that the existence of side holes on the stent (which are present in
most of the currently available ureteral stents), are the main reason for the
urine flow in the intra-luminal space70. In our case, the stent designs are
different, there are noholes on the EC and several holes on themeshedones.
On the EC samples, most of the fluid is expected to flow through the outer
surface. On the meshed samples, it is more difficult to predict, but we
considered the outer surface for both samples for consistency. Besides, in
our dynamic system, the walls of the tubes where the samples are placed are
static and there is no obstruction, so there is always free space between the
samples’ external surface and the inner surface of the tube.

Scanning electron microscopy/energy dispersive X-ray spec-
troscopy (SEM/EDS)
The morphology of the corrosion layer covering the samples’ external
surface was observed by SEM (JEOL JSM-6010LV, Osaka, Japan) equipped
with an EDS (INCAx-Act, PentaFET Precision, Oxford Instruments,
Abingdon, UK) for chemical characterization. The accelerating voltages
used were 10 and 15 eV. The samples with the corrosion layer were sput-
tered before SEM with a gold layer for better conductivity and to avoid
charging effects.

Raman spectroscopy
Raman spectroscopy measurements were carried out at room temperature
in a LabRAM Soleil™ Raman Microscope (Horiba Scientific, Piscataway,
New Jersey, USA) using a 532 nm Nd:YAG laser for excitation. The laser
beam (laser spot 1 µm2) with P = 15mW was focused on the sample by
a × 50 lens (Zeiss), and the spectra were collected with a 600 groove/mm
grating using 10 acquisitions with a 2 s acquisition time. At least three
measurements per sample were done.

X-ray diffraction (XRD)
XRD was employed as one of the methods to evaluate the chemical com-
position of the samples’ external surface corrosion layer. A high-resolution
Bragg-Brentano diffractometer (Bruker D8 Advance DaVinci, Karlsruhe,
Germany) equipped with Cu Kα radiation (λ = 1.506 Å) was used, at 40 kV
and 40mA. Data were collected in the 2Ө range of 5–70° and 1 s per
acquisition step.

Fourier transform infrared (FTIR)
A corrosion layer analysis was done through FTIR by collecting part of the
corrosion layer from the dried samples’ surface. The analysis was performed

in an IR Prestige 21 spectrometer (Shimadzu, Kyoto, Japan). The analyzed
spectral regionwas 600–4000 cm−1 with a resolution of 4.0 for 32 number of
scans. At least three analyses per sample were done.

Corrosion rate
For corrosion rate and morphology quantification, the corrosion layer was
removed by immersing the samples in an etching solution composed of
200 g/L chromium (VI) oxide (Laborspirit), 10 g/L silver nitrate (Labor-
spirit), and 20 g/L barium nitrate (Laborspirit) and reagent water to make
1000ml, for a few minutes, following ASTM G1–0346. The samples were
then thoroughly washed with deionized water and, finally, rinsed with
absolute ethanol and left to air dry. Detailed observation of corrosion
damage was then carried out using SEM analysis, following the same
methodology as that used for corrosion layer observation (section 2.4.1.).

Micro-computed tomography (Micro-CT)
3D visualization of the samples at different time points was done using a
high-resolutionmicro-CT (SkyScan 1272, Bruker, USA), with a pixel size of
15 µm, voltage rangeof 50 kV, and current source of 200 µA.Approximately
250 projections were obtained over a rotation angle of 360°, and rotation
step of 0.3°. Data sets were reconstructed using standardized cone-beam
reconstruction software (NRecon 1.6.10.2, Bruker). A representative dataset
of the slices was segmented into binary images with a dynamic threshold of
48–250. The binary images were used for the morphometric analysis (CT
Analyser, v1.15.4.0, Bruker, USA). The percentage of object volume over
time was assessed. One representative sample of each, for each time point,
was analyzed.

Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES)
Theamount of cations released fromthe samples to theAUSwas assessedby
analyzing the collected AUS aliquots through ICP-OES analysis (JY 2000 2,
HORIBA JOBIN YVON, Inc, Kyoto, Japan). The AUS samples were col-
lected, at each time point, by collecting the AUS directly from the tube the
sample was in for the collector tube, used for ICP analysis. Each collector
tube took approximately 20min to be filled (10ml). The AUS samples
collected were filtered with a 0.22 µm filter and diluted in a 1:10 ratio with
deionized water. Finally, a mixture with 90% nitric acid and 10% AUS
solution was prepared before the ICP analysis. The nitric acid solution
comprised of 5% nitric acid (69%) and deionized water.

Cytotoxicity
The cytotoxicity of Mg alloy extracts from AM_Mg-1Y_t, e_Mg-1Y and
AM_WE43_t samples, was evaluated using a mouse fibroblast L929 cell line
(European Collection of Cell Cultures (ECCC), UK) and a G/G cell line
(DSMZ, German collection of Microorganisms and Cell Cultures, GmbH,
Braunschweig, Germany), a cell line isolated from mouse bladder. Thereby,
these cells represented the cells that line the urinary tract, including the
bladder and ureters. The L929 cells were cultured in Dulbecco’s modified
eagle medium (DMEM, Laborspirit) with 10% fetal bovine serum (FBS,
ALFAGENE) and 1% antibiotic/antimycotic (ALFAGENE) andG/G in 45%
Ham’s F10 (ALFAGENE) and 45% DMEM (Laborspirit) with 10% FBS
(ALFAGENE), 5 µg/ml human insulin, 5 µg/ml human transferrin, 50 nM
hydrocortisone, 5 ng/ml selenite and 1% antibiotic/antimycotic (ALFA-
GENE). The samples were sterilized by UV exposure for 30min, after
washing them with absolute ethanol under sonication for 5min. To prepare
the extracts, each metal was incubated with the respective cell culture media
for 24 h at 37 °C with constant agitation and an area/volume ratio of
27.5mm2/ml, based on previous studies19,71,72,and 300mm2/ml, according to
the ISO 10993-12. Since there is no biodegradable ureteral stent currently in
the market, nitinol wire (300mm2/ml) was used as a control, given its wide
use in biomedical devices. The extracts were applied to cells as direct extracts,
i.e., 100% extract (E100), and lower concentrations, 50% (E50), 25% (E25),
and 12.5% (E12.5), prepared by diluting the original extract in cell culture
media. Nitinol control (CTR_Nit)’s extract was used only as direct extract

Table 2 | AUS composition

Component Amount (g)
per L

Molar
concentration (M)

Ammonium chloride (NH4Cl) 3.000 0.05600

Creatinine (C4H7N3O) 2.000 0.01800

Disodium hydrogen
orthophosphate, anhydrous
(Na2HPO4)

2.500 0.01800

Potassium dihydrogen
orthophosphate (KH2PO4)

2.500 0.01800

Sodium azide (NaN3) 0.015 0.00023

Sodium chloride (NaCl) 9.000 0.15000

Sodium sulfite (Na2SO3) 2.620 0.02100

Urea (CH₄N₂O) 25.000 0.42000

Composition of the AUS used in this study, according to ASTM 1828-97.
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(100% extract). Each independent assay had the Nitinol control. A positive
control (C+), containing only cells with culturemedia, and a negative control
(C−), with 25% DMSO, were also applied. The cells were seeded in 96 well
plates with a cell density of 1 × 104 per well for L929 cell line and 0.8 × 104 per
well forG/Gcell line, for 24 h inahumidified incubator at 37 °Cwith5%CO2.
The cellmedia in eachwell was replaced by theMg alloys’ extracts at different
concentrations and/or the controls. After incubation for 24 h, the cell viability
was determined by incubation (3-4 h) with 3-(4,5-dimethylthiazol-2-yl)−5-
(3-carboxymethoxyphenyl)−2-(4-sulfophenyl)−2H-tetrazolium, inner salt
–MTS. This method is based on the capacity of metabolically active cells to
reduceMTS into a colored formazan73. The amount of formazan produced is
then quantified by measuring the absorbance at 490 nm, which is propor-
tional to the metabolic active (living) cells.

To complement the MTS assay, a Live/Dead cell viability assay was
performed to observe viable and dead cells, after contact with the metals’
extracts. This is a color-based method to determine viable and non-viable
cells, simultaneously, based on the membrane integrity. The procedure to
obtain themetal extracts and the exposure of the cells to the extracts was the
same as the one for the MTS assay. After 24 h incubation with the extracts,
the cell layer was washed with phosphate-buffered saline (PBS) and cell
media supplemented with 2 µl/ml Calcein-AM (Biotium) and 1 µg/ml
Propidium Iodide (PI, Biotium) was added in each well. The cells were
incubated for 10min in the dark at 37 °C with 5% CO2 and then the media
with the dyeswas removed. The cell layerswerewashed again, and thennew
PBS was added in each well. The cells were observed in a fluorescence
microscope (Microscope DM6 B, Leica), where the living cells were fluor-
escent green and the dead cells fluorescent red. This method is based on the
cell membrane integrity. The cell membrane is permeable to calcein-AM,
whichwill be converted in a fluorescent green calcein by the esterase activity
of living cells. The PI becomes fluorescent when it binds to double stranded
DNA, but this compound is membrane impermeant of live cells, thus, it is
used to identify non-viable cells.

Antibacterial activity
To evaluate the antibacterial potential of AM_Mg-1Y_t, both by avoiding
surface bacteria attachment or by the release of corrosion products to the
surroundingmedia, Gram-positive andGram-negative strainswere used, S.
aureus ATCC 25923 (American Type Culture Collection, Manassas, VA,
USA) and E. coli ATCC 25922 (Microbiologics, Inc., Saint Cloud, MN,
USA), respectively. The AM_Mg-1Y_t, exposed surface area/bacterial sus-
pension volume of 27.5mm2/ml, were cleaned by immersion in absolute
ethanol and sonicated for 5minutes, and then sterilized by exposition toUV
light for 30min.Nitinol was used as control andwas prepared the sameway
as the AM_Mg-1Y_t. C- was the negative control, i.e., the bacteria suspen-
sionwithout anymetal treatment.Thebacteria strainswere inoculatedusing
tryptic soy broth (TSB, Quimigen Unipessoal LDA) and incubated over-
night under constant agitation at 150 rpm at 37 °C. The optical density
(O.D.) of the culture was then adjusted to value of 0.08–0.1 at 600 nm, using
TSB to dilute accordingly. Two serial dilutions of the prepared inoculum
were done in order to obtain a final concentration of 1–2 × 106 cloning
forming units (CFUs)/ml. The AM_Mg-1Y_t and Nitinol samples were
placed inside the wells of a 12-well plate and 2ml of the prepared bacteria
suspensionwas placed afterwards. The plates were incubated at 37 °C under
constant agitation at 150 rpm for 24 h. To quantify the number of bacteria
attached to the samples’ surface, the metals were removed from the wells
using a sterile clamp, washed by immersion in PBS to remove the non-
adherent bacteria, andplaced inside a tubewith 1mlPBS.Twocycles of 30 s.
of vortexing were applied with a cycle of sonication (5min, 3500 Hz)
between the vortexing cycles. Then serial dilutions were done, and the
suspensions were spread into TSB/agar petri dishes for CFU counting. The
petri dishes were incubated at 37 °C for 24 h. To quantify the number of
bacteria in suspension, 100 µL of suspension was collected from each well
and serial dilutions were done. The diluted suspensions were spread in petri
dishes and incubated at 37 °C for 24 h as well. After the 24 h incubation, the
CFU number was determined.

Statistical analysis
Statistically significant differences between groups were probed through a
one-way analysis of variance (ANOVA), followed by a Dunnett’s post-hoc
test. A statistically significant difference was considered at p < 0.05.

Data availability
The datasets generated during the current study are not publicly available
due to difficulties in presenting the wealth of data in an easily accessible way
but are available from the corresponding author on reasonable request.
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