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Abstract 

Stent placement has become a standard intervention for occlusive luminal diseases across both 

vascular and non-vascular systems. Beyond their well-established use in endovascular therapy, 

stents play essential roles in managing obstructions in non-vascular conduits such as the airway, 

esophagus, urethra, ocular outflow tract, bile duct, and colon. However, conventional permanent 

stents are frequently associated with complications such as migration, restenosis, infection, and 

granulation tissue formation, that often necessitate secondary removal procedures. To overcome 

these limitations, biodegradable stents have emerged as a promising alternative, providing 

temporary mechanical support before safely degrading in situ. In parallel, drug-eluting stents offer 

site-specific therapeutic delivery to modulate local tissue responses, suppress fibrosis, and reduce 

infection risk. Although coronary stent technologies are extensively reviewed, an integrated 

analysis of biodegradable and drug-eluting stent innovations for non-vascular applications remains 

lacking. This review addresses this gap by systematically evaluating current and emerging stent 

technologies for major non-vascular luminal diseases. We examine the interplay between material 

properties, device mechanics, and the unique pathophysiological challenges of each anatomical 

site. We further highlight recent advances in biodegradable and drug-eluting stent design, discuss 

key barriers to clinical translation, and provide a forward-looking perspective on future directions 

in non-vascular stent development.

Keywords: Stents; Occlusive luminal diseases; Non-vascular stents; Biodegradable stents; Drug-

eluting stents
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1. Introduction

Occlusive luminal diseases encompass a broad spectrum of conditions affecting tubular structures 

throughout the body, categorized into vascular and non-vascular luminal diseases (NVLDs). While 

occlusive vascular diseases primarily involve the occlusion or stenosis of arteries, such as coronary 

arteries, NVLDs affect luminal organs across multiple organ systems. These include the digestive 

system (esophagus, gastrointestinal tract, biliary ducts), respiratory system (airways), urinary 

system (ureters, urethra), and specialized structures such as ocular drainage pathways.1 The 

pathogenesis of NVLDs frequently involves inflammation and subsequent scar tissue formation, 

either as complications of surgical interventions or manifestations of inflammation-associated 

diseases. Malignant processes also contribute significantly to luminal obstruction, particularly in 

gastrointestinal and respiratory systems. Without appropriate intervention, NVLDs can result in 

severe morbidity, including respiratory distress, dysphagia, hematuria, and potentially life-

threatening complications.

        Treatment strategies for luminal obstruction span a spectrum from conservative medical 

management to invasive surgical intervention. Available options include surgical resection, laser 

ablation, balloon dilation, pharmacologic therapy, and stent placement. Among these approaches, 

stenting has emerged as the preferred minimally invasive intervention due to its ability to rapidly 

restore luminal patency while minimizing tissue trauma. Stents, typically constructed from metals 

or polymers, are deployed to mechanically support the lumen, reopening obstructions and reducing 

the risk of restenosis. The evolution of stent technology, from early rigid plastic tubes to flexible 

three-dimensional (3D) mesh structures, has significantly improved stent performance and ease of 

deployment. However, conventional stents constructed from permanent, non-degradable materials 

remain associated with significant complications. These include device migration, restenosis from 

tissue hyperplasia, biofilm formation leading to infection, and the necessity for subsequent 

removal procedures.

        To move beyond mitigating complications and instead actively combat these biological 

failure modes, drug-eluting stents (DESs) have been developed. This technology, which 

revolutionized interventional cardiology, involves coating a stent with a polymer carrier that 

releases a therapeutic agent in a controlled manner. In coronary arteries, DESs eluting anti-

proliferative drugs effectively prevent restenosis by inhibiting the smooth muscle cell proliferation 
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that narrows the vessel after intervention. Inspired by this success, DES technology is now being 

adapted to address the unique challenges of non-vascular applications. Rather than just providing 

passive mechanical support, non-vascular DESs are designed to actively modulate the local 

environment by eluting a variety of agents, such as anti-proliferative drugs to prevent granulation 

tissue formation, chemotherapeutics to treat local malignancies, or antimicrobial agents to combat 

infection. This represents a paradigm shift from a purely mechanical solution to a combined 

mechano-biological therapeutic platform.

Figure 1. Common occlusive non-vascular luminal diseases that are often treated by stent 

placement. (Figure was created with Biorender.com)

        Addressing the challenge of permanent implants, biodegradable stents (BDSs) represent 

another transformative technology. These devices provide temporary structural support to diseased 

lumens while undergoing controlled degradation, ideally leaving behind repaired and functional 

tissue.2 By eliminating removal procedures, BDSs offer substantial clinical advantages including 

reduced patient morbidity and healthcare costs. Nevertheless, clinical translation faces significant 
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obstacles. Current biodegradable materials often exhibit insufficient mechanical strength for 

certain applications, unpredictable degradation kinetics that vary with local pH and enzymatic 

activity, and inflammatory responses triggered by degradation byproducts such as lactic acid from 

poly(L-lactic acid) (PLLA).

        While extensive literature exists reviewing coronary stent technology,3-6 a comprehensive 

analysis of non-vascular stent applications remains limited. This article addresses this critical gap 

by providing detailed coverage of stent technologies for common NVLDs, including airway 

stenosis, esophageal stricture, ureteral obstruction, glaucoma, biliary stricture, and colonic 

obstruction (Figure 1). For each application, we systematically examine disease pathophysiology, 

commercially available stents currently in clinical use (Table 1), and associated complications. 

Crucially, we integrate recent advances in both biodegradable and drug-eluting technologies 

within each section, highlighting how these innovations aim to overcome the specific biological 

and mechanical challenges of each organ system. This review serves as a comprehensive resource 

for clinicians, researchers, and medical device developers working to advance NVLDs treatment 

through innovative stent-based approaches.

Table 1. Summary of commercially available stents for the treatment of various NVLDs.

Diseases Stent Name Producer Materials
Permanent or

Biodegradable
Advantages

Common 

issues

Ultraflex™
Boston 

Scientific

Nitinol with 

silicone 

covering

Permanent

Airway 

stenosis

AERO™ Alveolus

Nitinol with 

Polyurethane 

coating

Permanent

 Flexible 

bronchoscopy 

delivery

 Minimal 

stent 

migration

 Strong 

mechanical 

properties

 High 

perforation and 

bleeding risks

 Difficult 

relocation and 

removal

 High 

granulation 

tissue ingrowth
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Dumon stent Novatech Silicone Permanent

 Low 

granulation 

tissue 

ingrowth

 Customized 

shape and 

mechanical 

properties

 Easy 

relocation and 

removal

 High stent 

migration rates

 Rigid 

bronchoscopy 

delivery

 High 

secretion 

blockage

DV Stent 

Tracheal
Ella-CS Polydioxanone Biodegradable

 Low risks of 

stent 

migration

 Mild 

granulation 

tissue 

ingrowth

 Customized 

shape and 

design

 Rigid 

bronchoscopy 

delivery

 Low 

mechanical 

properties

 High cost

Ultraflex™
Boston 

Scientific

Nitinol with 

silicone 

covering

Permanent

Esophage

al 

stricture
Wallflex™

Boston 

Scientific

Nitinol with 

silicone 

covering

Permanent

 Low stent 

migration

 Strong 

mechanical 

properties

 High 

granulation 

tissue ingrowth 

 Difficult 

removal

 High rigidity 

(causing chest 

pain, tissue 
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damage, 

bleeding, etc.)

Polyflex™
Boston 

Scientific

Polyurethane 

with silicone 

covering

Permanent

 Low cost

 Easy 

delivery and 

removal

 Mild 

granulation 

tissue 

ingrowth

 High 

migration rates

SX-ELLA Ella-CS Polydioxanone Biodegradable

 Mild 

granulation 

tissue 

ingrowth

 Customized 

shape and 

parameters

 Low stent 

migration

 Low 

mechanical 

properties

 High cost

 High stricture 

recurrence

Ureteral 

obstructio

n

Imajin 

Hydro™
Coloplast Silicone Permanent

 High 

flexibility

 Low 

encrustation 

rate

 Low 

infection rate

 Low passage 

efficacy

 Hard delivery

 Low tensile 

strength
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Percuflex™ 

Plus

Boston 

scientific
Polyurethane Permanent

 High tensile 

strength

 High 

passage 

efficacy

 High stiffness 

(causing 

discomfort and 

pain)

 High 

encrustation 

rate

 High infection 

rate

iStent™/iSte

nt™ Inject

Glaukos 

Corporation
Titanium Permanent

 Safe profile

 Effective 

IOP reduction

 Hard 

implantation

 High 

medication 

utilization

Hydrus™ 

Microstent

Ivantis, 

Alcon
Nitinol Permanent

 Safe profile

 Effective 

IOP reduction

 Hard 

implantation

 Medium 

medication 

utilization

Glaucoma

XEN™ Gel 

stent
Allergan

Porcine 

collagen/glutar

aldehyde

Permanent

 Low 

medication 

utilization

 Effective 

IOP reduction

 Safe profile

 High needling 

rate

  High bleb 

fibrosis/scar 

formation

Biliary 

stricture
WallFlex™

Boston 

scientific

Nitinol with 

silicone 

covering

Permanent

 Low stent 

migration

 Strong 

mechanical 

 High tissue 

overgrowth

 Difficult 

relocation and 
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properties

 High stent 

patency

removal

HANAROST

ENT®
OLYMPUS Nitinol Permanent

 Low stent 

migration

 Strong 

mechanical 

properties

 High stent 

patency

 High tissue 

overgrowth

 Difficult 

relocation and 

removal

 Unavailable 

for benign 

stricture

Advanix™
Boston 

scientific
Polypropylene Permanent

 Easy 

delivery and 

removal

 Low cost

  High bile 

sludge

  High stent 

migration

Colonic 

obstructio

n

Wallflex™
Boston 

scientific
Nitinol Permanent

  Minimal 

stent 

migration

 Flexible 

gastroscope 

delivery

 High 

mechanical 

properties

 High stent 

patency

 High tumor 

ingrowth 

 High 

perforation 

rates
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2. Development of stent materials and fabrication technologies

2.1. Fundamental design requirements

Permanent stents provide durable mechanical support and remain indispensable for malignant or 

severe non-vascular luminal obstructions. However, their long-term indwelling nature predisposes 

them to migration, infection, hyperplasia, and the need for complex removal. BDSs were 

developed to overcome these limitations by offering temporary mechanical scaffolding that 

gradually disappears as the tissue remodels, making them especially valuable for benign strictures 

and pediatric applications. Biodegradable, drug-eluting stents further advance this concept by 

actively interacting with luminal tissues during the critical healing period (Figure 2). While 

maintaining luminal patency, these stents provide controlled release of therapeutic agents that 

modulate tissue responses, such as inhibiting fibroblast proliferation, reducing inflammatory 

signaling, and promoting re-epithelialization depending on the anatomical site. As the scaffold 

resorbs, chronic mechanical irritation is minimized, and locally delivered therapeutics can support 

functional tissue healing or regeneration. Here, we summarize the key design criteria required to 

ensure the efficacy and safety of stents across diverse non-vascular luminal environments.

         (1) Adequate mechanical properties: Stents must provide sufficient radial force to maintain 

luminal patency against external compression while exhibiting adequate flexibility to conform to 

natural luminal anatomy. The balance between radial strength and flexibility varies significantly 

across applications. Airway stents require resistance to dynamic compression during coughing, 

while esophageal stents must withstand peristaltic forces without causing erosion.

        (2) Biocompatibility: Materials must minimize adverse biological responses including 

inflammation, thrombosis, and immune reactions. Surface chemistry plays a crucial role in 

determining protein adsorption, cellular adhesion, and subsequent tissue responses. Modern stents 

often incorporate surface modifications to enhance biocompatibility.

        (3) Ease of delivery: Design features must facilitate minimally invasive delivery through 

narrow lumens with smooth navigation and controlled deployment at target sites. Self-expanding 

designs have largely replaced balloon-expandable systems in non-vascular applications due to 

superior conformability.
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        (4) Imaging visibility: Radiopacity enables precise positioning during delivery and facilitates 

post-procedural monitoring. Many polymer stents incorporate radiopaque markers to overcome 

inherent radiolucency.

        (5) Complication mitigation: Engineering approaches must address application-specific 

complications. Covered stents reduce tissue ingrowth but increase migration risk. Surface texturing 

and anti-migration features such as external studs or flanged ends help anchor the device while 

drug-eluting coatings actively modulate tissue responses.

        (6) Synchronized degradation with tissue regeneration: BDSs must provide temporary 

mechanical support that persists throughout the critical healing window and then degrade in 

synchrony with tissue remodeling. Precise control of degradation kinetics is essential. Premature 

degradation can lead to early stent collapse and re-obstruction, whereas excessively slow 

degradation increases the risk of chronic foreign body reactions, inflammation, and impaired 

healing.
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Figure 2. Schematic illustration of the desired tissue-stent interaction for an ideal biodegradable, 

drug-eluting stent.

2.2. Stent materials from metals to polymers

The choice of materials for stents used in NVLDs depends on the specific clinical application and 

patient requirements. The materials commonly employed can be categorized into two major 

groups: metals and polymers. Either of these materials can be permanent or bioresorbable.

        Permanent stents for NVLDs are primarily fabricated from either metallic materials or 

medical-grade silicone. Commonly used metals include stainless steel, cobalt–chromium alloys, 

and nickel–titanium alloys (nitinol) owing to their excellent mechanical strength, corrosion 

resistance, and biocompatibility. However, the inherent rigidity of many metallic materials, 

combined with the mesh-like geometry of stents, can lead to adverse events such as lumen wall 

injury, perforation, and excessive tissue hyperplasia, often resulting in restenosis. To address these 

limitations, nickel–titanium alloys have emerged as a preferred material due to its superelasticity 

and shape-memory properties, which enable better conformity to dynamic luminal environments 

and reduce the risk of mechanical trauma.7, 8 To further improve biocompatibility and reduce tissue 

ingrowth, many metallic NVLDs stents are partially or fully coated with polymeric membranes, 

such as expanded polytetrafluoroethylene (ePTFE), which provide a physical barrier while 

maintaining structural support.9-11 Alternatively, silicone-based stents are widely used for their 

high compliance, flexibility, and minimal tissue reactivity. However, despite these advantages, 

silicone stents are prone to migration, particularly in high-mobility luminal environments, and are 

associated with complications such as secretion accumulation, infections, and lumen obstruction.12

        BDSs are fabricated from either biodegradable polymers or biodegradable metallic materials, 

each exhibiting distinct degradation mechanisms and limitations (Table 2). Polymeric BDSs 

degrade primarily through hydrolysis of ester bonds, in which water molecules cleave the polymer 

backbone into oligomers and monomers that can be metabolized or cleared from the body.13 

Commonly used biodegradable polymers include polylactic acid (PLA), poly(glycolic acid) 

(PGA), polydioxanone (PDO), poly(L-lactic acid) (PLLA), poly(lactic-co-glycolic acid) (PLGA), 

and polycaprolactone (PCL). These materials exhibit variable degradation times: PLLA and PCL 
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typically degrade slowly over one or more years,14, 15 whereas PLGA and PDO degrade within 

approximately 10 weeks.16 Notably, local luminal environments strongly modulate hydrolytic 

kinetics. Both alkaline and strongly acidic conditions accelerate ester hydrolysis relative to neutral 

pH.17 Mildly alkaline conditions, such as the biliary tract (pH 7.8-8.6), significantly enhance base-

catalyzed hydrolysis of polyester chains.18 In contrast, the native esophagus (pH 6.0-7.0) and 

colonic (pH 5.5-6.5) environments are only weakly acidic and do not markedly accelerate 

degradation. However, gastroesophageal reflux can transiently reduce esophageal pH to 2-4, 

substantially accelerating acid-catalyzed ester cleavage.18 Highly hydrated lumens such as the 

airway, biliary tract, and urinary lumens promote rapid water penetration into the polymer, further 

accelerating hydrolytic degradation. Polymer degradation behavior can be tuned by modifying 

molecular weight, crystallinity, cross-link density, and porosity. However, polymeric stents 

generally possess lower radial strength than metals, limiting their use in high-load luminal 

environments. Additionally, their acidic degradation products (e.g., lactic and glycolic acids) are 

known to locally decrease pH and trigger chronic inflammation.

        To overcome these limitations in biodegradable polymers, biodegradable metallic stents, 

particularly those made from magnesium (Mg)-based alloys, have gained increasing attention. Mg 

is inherently biocompatible and naturally present in the human body. In physiological 

environments, Mg undergoes electrochemical corrosion, producing magnesium hydroxide and 

hydrogen gas; the transient local alkalinization and hydrogen release can influence tissue healing. 

However, magnesium hydroxide is unstable in chloride-rich body fluids, resulting in rapid, 

uncontrolled degradation and early loss of mechanical integrity.19 To regulate degradation, a 

variety of surface modification and bulk alloying strategies have been developed. Biodegradable 

polymer coatings, such as poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) or 

poly(1,3-trimethylene carbonate) (PTMC), act as temporary diffusion barriers that dampen early 

corrosion.20, 21 More advanced approaches, including ion implantation, modify the surface 

chemistry and microstructure without altering device geometry. Implanting elements, such as 

zirconium (Zr) or titanium (Ti), into Mg alloys can generate dense, protective layers composed of 

implanted species and their oxides, effectively shielding the underlying Mg from corrosive 

environments and substantially reducing corrosion rates.22, 23 Beyond surface treatments, bulk 

material engineering offers another avenue for improvement. For example, Mg–Zn composites 

reinforced with in situ-formed nanoparticles create a refined, multiphase microstructure that 
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enhances mechanical strength through synergistic strengthening while reducing degradation by 

promoting electrochemical homogeneity.24 Collectively, these advances are enabling the 

development of Mg-based stents with more predictable and tunable degradation profiles, improved 

mechanical durability, and clinically relevant functional lifetimes.

Table 2. Comparative summary of key properties of commonly used biodegradable polymers 

(PLA, PDO, PLGA) and Mg-based alloys

Feature
Biodegradable Polymers 

(PLA, PDO, PLGA)
Magnesium-Based Alloys

Mechanical Strength

• PLA: Highest strength, brittle

• PLGA: Moderate strength

• PDO: Flexible, good tensile strength

• Excellent radial strength

Degradation Mechanism • Hydrolysis • Electrochemical Erosion 

Degradation Rate
• PLA: Slowly over one or multiple years

• PLGA/PDO: About 10 weeks
• 1-2 weeks

Degradation in Acidic 

Environment

• Minimal effect for pH = 3.0-7.0

• Accelerated for pH < 3.0

• Very rapid

• Uncontrolled

Degradation in Alkaline 

Environment
• Accelerated • No effect

Inflammatory Response

• Local pH decreases from acidic byproducts 

(lactic acid and glycolic acid)

• Acidosis-driven inflammation

• Risk of fibrosis

• Mg²⁺: Generally anti-inflammatory 

• H₂: Potential antioxidant

• OH⁻: Mild alkalization may 

counteract inflammation

2.3. Stent fabrication technologies
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Stents are commonly fabricated using two conventional methods: selective laser cutting and 

braiding. Selective laser cutting is widely adopted due to its high precision, efficiency, and ability 

to produce intricate and complex geometries. Typically, polymeric or metallic materials are first 

extruded into tubular forms. A laser is then used to cut away excess material, yielding the desired 

three-dimensional (3D) stent architecture.25 However, this process can introduce surface defects, 

such as microcracks and machining stripes, and induce residual stresses that compromise 

mechanical performance.26 To address these issues, post-processing techniques like 

electropolishing are employed to smooth edges and remove surface imperfections. Alternatively, 

weaving involves interlacing metal or polymer fibers into controlled patterns, such as braiding or 

knitting, to form tubular structures.27, 28 Braided stents offer excellent axial flexibility and tunable 

radial strength, depending on the braiding configuration. However, compared to laser cutting, 

weaving has limited capability for producing complex geometries.

        Additive manufacturing, or 3D printing, has emerged as a transformative approach in stent 

fabrication, enabling the production of patient-specific devices tailored to an individual’s anatomy, 

including customized size, geometry, and mechanical behavior. Common 3D printing techniques 

used in stent fabrication include selective laser melting (SLM), fused deposition modeling (FDM), 

and digital light processing (DLP). SLM employs a high-power laser to selectively melt and 

solidify fine metal or polymer powders layer by layer. Materials such as stainless steel, cobalt-

chromium (CoCr), and bioresorbable polymers like PGA and PLGA have been processed via SLM 

to produce stents..28, 29 However, SLM-printed stents typically exhibit high surface roughness (Ra 

> 10 µm) due to partially sintered particles, leading to dimensional inaccuracies that necessitate 

post-polishing for surface refinement.30 FDM is a cost-effective 3D printing method that extrudes 

heated thermoplastic filaments onto a rotating mandrel. Common materials include 

polycaprolactone (PCL) and poly (L-lactic acid) (PLLA).31-33 However, low resolution of FDM 

often results in thick struts (>200–300 µm), which may be undesirable for vascular applications. 

A modified FDM setup using a solvent-based PLLA ink and a 200 µm nozzle achieved a reduced 

strut thickness of 80 µm via controlled solvent evaporation.34 Nevertheless, overlapping extruded 

filaments remain a challenge for producing low-profile stents with this method. DLP, a high-

resolution and high-speed technique based on light-induced polymerization of photocurable inks, 

offers a solution for thin-strut stent fabrication. In 2016, personalized bioresorbable stents with 

150 µm strut thickness were fabricated using a microscale continuous liquid interface production 
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(µCLIP) process and a photocurable citrate-based polymer.35 Recent advancements by our group 

have further improved this technique, enabling the batch fabrication of eight stents with 10 mm in 

length and a minimum strut thickness of 65 µm in just seven minutes, achieving a throughput of 

one stent per minute.36, 37

2.4. Translational barriers for 3D-printed stents

Despite these advancements, the clinical translation of 3D-printed stents faces major challenges 

spanning materials, manufacturing, and regulatory quality assurance. A key limitation is the 

restricted palette of printable biomaterials. Many clinically established materials, such as medical-

grade silicone, are incompatible with high-resolution additive manufacturing, while high-precision 

technologies such as Digital Light Processing (DLP) are constrained to a narrow range of 

proprietary photocurable resins. One workaround has been the use of 3D-printed molds for silicone 

casting, enabling the fabrication of anatomically tailored silicone stents.38 Beyond material 

constraints, technical challenges in the printing process itself can compromise device performance. 

For example, overhanging geometries often require sacrificial support, and their removal may 

damage surface quality or weaken structural features.39 However, the most significant barrier 

remains the establishment of robust pathways for standardization and quality control. The clinical 

adoption of patient-specific devices depends on reliable, non-destructive methods to verify internal 

architecture, detect printing defects, and ensure mechanical reliability, highlighted by the need to 

transition micro-CT imaging from a research tool to a routine quality-control modality.40 

Ultimately, achieving batch-to-batch consistency is essential, as it underpins the predictable 

performance required for regulatory approval and safe clinical use.

3. Airway stent
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Figure 3. (a) Airway stenosis. (b) Uncovered metallic stent (Ultraflex™, Boston Scientific). (c) 

Fully covered metallic stent (AERO™, Alveolus). (d) Partially covered metallic stent (Ultraflex™, 

Boston Scientific). (e) Dumon stent (Novatech). (f) Dynamic™ (Y) Stent (Boston Scientific). (g) 

GINA stent; (h) Anti-migration force of the GINA stent and Dumon stent. (i) Biodegradable DV 

Stent Tracheal (ELLA stent, Ella-CS).

3.1. Airway stenosis and treatments 

Airway stenosis, characterized by the narrowing of the trachea or bronchus, can result in symptoms 

such as chronic coughing, respiratory distress, and in severe cases, death due to asphyxiation 

(Figure 3a). This pathological narrowing frequently arises from excessive scar tissue formation 

Page 16 of 57Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
pr

os
in

ca
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0.
12

.2
02

5.
 7

:2
2:

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5TB01514F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01514f


and is a common complication of tuberculosis, prolonged intubation, and lung transplantation. For 

example, post-tuberculosis tracheobronchial stenosis is observed in approximately 10–40% of 

patients during the healing phases due to fibrotic tissue remodeling and necrosis.41 Similarly, post-

intubation tracheal stenosis may develop in 6–21% of cases, often triggered by prolonged cuff 

pressure and mucosal injury.42 Additionally, up to 27% of lung transplant recipients experience 

airway stenosis, primarily due to ischemia and immune rejection at the anastomotic site.43

        Surgical resection, involving the excision of the stenotic airway segment followed by end-to-

end anastomosis, is considered the gold standard for managing airway stenosis, with a reported 

success rate exceeding 91%.44 However, this approach is suitable for only about 10% of patients 

due to significant limitations, such as comorbidities, the length of the stenotic segment, prior 

tracheal surgeries, and risks associated with general anesthesia.45 Consequently, less invasive 

endoscopic interventions are often preferred for the majority of patients. These include balloon 

dilation and laser ablation, which offer temporary symptom relief but are often insufficient for 

long-term airway patency. In contrast, stent placement has emerged as the most widely used 

palliative treatment for maintaining airway patency over extended periods. Stents serve as internal 

scaffolds that mechanically support the airway and provide immediate relief from breathing 

difficulties.

3.2. Stents in the treatment of airway stenosis

3.2.1. Overview: biomechanical environments and complications      

Airway stents are subjected to cyclic changes in transmural pressure from respiration and large 

transient pressure spikes from coughing. To accommodate this biomechanical environment, the 

ideal airway stent must provide adequate radial force to resist tracheal collapse and be sufficiently 

flexible to follow airway curvature and motion.46 Insufficient radial force to counter airway recoil 

or cough-induced shear will lead to stent migration. An overly rigid stent can generate high stress 

concentrations at the stent-tissue interface, leading to mucosal injury, granulation tissue 

overgrowth, and even the formation of aerodigestive fistulas.47, 48 Furthermore, the physical 

presence of enclosed stents can mechanically inhibit mucociliary clearance by compressing the 
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cilia, leading to mucus plugging and recurrent infections.49 Therefore, the ideal design must 

balance mechanical support with the preservation of physiological function. 

        Airway stents are typically delivered via bronchoscopy using a guidewire, with outer 

diameters ranging from 8–20 mm and lengths between 15–70 mm. Two major categories dominate 

current clinical practice (Table 1): metallic stents (e.g., Ultraflex™, Aero™, and Bona) and 

silicone stents (e.g., Dumon, Dynamic™). Despite their widespread use, both types are associated 

with complications that vary according to their material properties and structural design. For 

instance, rigid metallic stents with strong radial force are often associated with high risks of 

granulation tissue overgrowth, while excessively flexible stents are prone to migration.50 Fully 

covered stents with impermeable membranes, while limiting tissue ingrowth, also block mucus 

drainage, leading to mucus retention and increased risk of infection.51

3.2.2. Metallic airway stents

Metallic airway stents are generally classified into self-expandable and balloon-expandable types 

and are fabricated from materials such as stainless steel or nitinol. These stents are further 

categorized as uncovered, partially covered, or fully covered based on their surface coatings 

(Figure 3b-3d). Uncovered stents, composed entirely of metal mesh, demonstrate low migration 

rates (2.2–6.4%) 52 and reduced mucus accumulation,53 but they are prone to excessive granulation 

tissue formation, with rates as high as 57%.54 To mitigate this issue, fully covered stents 

incorporate a silicone or polymer membrane that isolates the metal mesh from surrounding tissues. 

While this design reduces granulation tissue rates to 20–35%, it introduces new challenges, 

including higher migration (18–22%) and secretion blockage (12.5–23%).54, 55 Partially covered 

stents aim to balance these risks by maintaining uncovered mesh at the ends to anchor the device 

more securely.

        However, metallic stents also pose serious risks such as perforation and bleeding, often 

triggered by repetitive airway movement due to coughing or breathing. As a result of these 

complications, the U.S. Food and Drug Administration (FDA) has issued caution against the 

routine use of metallic stents for benign airway disease.56 In response, newer metallic stents 

fabricated from nitinol offer improved flexibility and shape memory, reducing trauma and 
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improving compliance with dynamic airway conditions.57, 58 Despite their advantages, nitinol 

stents are typically regarded as permanent implants, and removal becomes problematic once 

granulation tissue infiltrates the mesh structure. 

3.2.3. Silicone airway stents

Silicone stents, such as the Dumon stent introduced in the 1980s, are considered the gold standard 

for managing benign airway stenosis. These stents often feature external studs that reduce the risk 

of migration (Figure 3e). Clinical studies have reported symptomatic relief in over 90% of patients 

shortly after stent placement.59 Compared to metallic stents, silicone stents are associated with 

lower granulation tissue formation, typically around 15.7%, and the granulation that does occur is 

generally localized at the ends of the stent, making removal easier and less invasive.60 

        Given the strong adaptability of silicone materials, the shape and mechanical properties of 

silicone stents can be tailored to patient-specific needs. Nonetheless, migration and mucus 

retention remain major complications, with reported rates of approximately 25% and 23.8%, 

respectively.60 When complications arise, silicone stents are easier to reposition or remove than 

metallic stents. Advanced designs such as the Dynamic™ (Y) stent incorporate horseshoe-shaped 

stainless steel reinforcements embedded in the anterior and lateral surfaces to mimic the 

biomechanical behavior of airway cartilage (Figure 3f).57, 58 This design improves anchorage and 

dynamic flexibility, though placement typically requires a laryngoscope, complicating the 

insertion process. More recently, the GINA stent has been introduced as a novel silicone device 

incorporating triangular studs to enhance anti-migration performance (Figure 3g, 3h). Preclinical 

studies in porcine models suggest the GINA stent exhibits superior resistance to migration 

compared to the Dumon stent.61 However, further validation in studies with a larger number of 

animals and clinical trials is needed due to limitations in sample size and follow-up duration.

3.2.4. Biodegradable airway stents

Given the limitations of both metallic and silicone stents, including migration, granulation tissue 

formation, and high infection rates, biodegradable stents have emerged as a promising alternative 
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for temporary airway support. These stents are designed to gradually degrade after fulfilling their 

mechanical functions, thereby eliminating the need for surgical removal and reducing long-term 

complications. For instance, the DV Stent Tracheal (Figure 3i) made of polydioxanone (PDO) 

was evaluated in a rabbit model, showing only a mild inflammatory response that resolved as the 

stent degraded.62 More recently, advanced digital light processing (DLP)-based 3D printing has 

enabled the fabrication of patient-specific biodegradable airway stents using dual-polymer inks 

composed of poly(D,L-lactide-co-ε-caprolactone) (PDLLA-co-PCL) (Figure 4a). These stents 

closely mimic the elastomeric behavior of commercial silicone stents while offering the 

advantages of biodegradability and anatomical customization.63 Mechanical testing revealed that 

the biodegradable stents provide superior radial load-bearing capacity compared to silicone stents, 

particularly under large deformations (Figure 4b). In vitro cytocompatibility assays with human 

lung epithelial cells (A549) showed no significant cytotoxicity, and accelerated degradation tests 

confirmed substantial mass loss (40%) after 6 weeks at 50°C (Figure 4c). Under physiological 

conditions (37°C), the stents began degrading in the 12th week and lost 20% of their mass by 20 

weeks. In vivo studies in rabbits indicated no stent migration and visibility for at least 7 weeks. 

While acute inflammation was observed at the 2-week mark, histology revealed normal tissue 

morphology without signs of inflammation by 10 weeks. While biodegradability successfully 

eliminates the problem of a permanent implant, these stents do not actively address the acute 

biological responses of granulation tissue formation or infection during their indwelling period, 

paving the way for the next generation of functionalized stents.

Figure 4. (a) 3D-printed biodegradable stents with different designs. (b) Force-displacement 

curves of dual-polymer stents with different ratio and a NOVATECH silicone stent. (c). 
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Degradation characterized by changes in polymer stent weight over time at physiological (37°C) 

and accelerated (50°C) conditions.

3.2.5. Drug-eluting airway stents

The evolution from passive mechanical support to active biological modulation represents a 

fundamental advance in airway stent technology. DESs deliver therapeutic agents directly to 

stenotic sites, maximizing local efficacy while minimizing systemic toxicity. Unlike vascular 

applications where preventing smooth muscle proliferation is paramount, airway DES must 

address dual challenges: inhibiting granulation tissue formation from hyperactive fibroblast 

proliferation and preventing bacterial colonization in the mucus-rich respiratory environment.64

        For inhibiting granulation tissue, various anti-proliferative and anti-inflammatory agents have 

been investigated. Sirolimus (rapamycin), an mTOR inhibitor widely successful in coronary DES, 

has shown promising results in airway applications. A biodegradable PLLA-PCL stent loaded with 

sirolimus demonstrated sustained drug release, effectively reduced scar and normal fibroblast 

proliferation in vitro, and significantly decreased fibrosis with only a mild inflammatory response 

in vivo.65 Paclitaxel is another widely studied anti-proliferative drug. A paclitaxel-eluting stent was 

shown to significantly reduce granulation tissue compared to bare metal stents in animal models, 

though clinical translation has been challenging, as the drug can inhibit the healing of mucosal 

epithelial cells alongside fibroblasts.64, 66 Other agents like mitomycin C, a potent fibroblast 

inhibitor, have also shown promise. In a 12-week animal study, a mitomycin C-eluting stent 

reduced tracheal stenosis by half compared to standard silicone stents, highlighting the potential 

of local chemotherapy to maintain airway patency.67

        To combat infection, a major cause of morbidity and stent failure, antibacterial agents have 

been incorporated into stent coatings. A shape memory polymer stent with a porous structure was 

loaded with ciprofloxacin, demonstrating significant antibacterial activity against common airway 

pathogens.68 Similarly, a silicone stent coated with allicin, a compound derived from garlic, 

showed favorable mucosal healing and a significant reduction in attached bacteria in a rabbit 

model.69 These approaches aim to prevent the formation of bacterial biofilms, which are 
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notoriously difficult to treat with systemic antibiotics and are a primary driver of chronic 

inflammation and granulation tissue.51, 64

        Despite the promising preclinical results, the clinical translation of airway DESs faces 

significant hurdles. A key challenge is optimizing the drug release kinetics to provide a therapeutic 

effect over several weeks to months without causing local toxicity.64 The cytotoxic properties of 

anti-proliferative drugs, for example, could impair normal epithelial healing and increase the risk 

of complications like fistula formation.70 Furthermore, the complex, dynamic environment of the 

airway, with constant mucus flow and mechanical stress from breathing and coughing, makes it 

difficult to design a durable drug carrier that ensures predictable release. While many animal 

studies show success, the lack of large-scale, long-term clinical trials means that the true efficacy 

and safety of airway DES in human patients remain to be established.

4. Esophageal Stents
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Figure 5. (a) Schematic to show esophageal stricture. (b) Uncovered, partially covered, and fully 

covered SEMS (EGIS, S & G Biotech). Image was adapted from Reference.71 (c) Plastic stent 

(Polyflex™, Boston Scientific). (d) Biodegradable stent (SX-ELLA, Ella-CS). (e) The design of 

PCL-PTMC-coated Mg-based degradable stents and their degradation rate in PBS (pH 7.4). 

Images were adapted from Reference.72 (f) Degradation rates of PLGA-coated Mg-based 

degradable stents in PBS with pH 4.0 and pH 7.4. Image was adapted from Reference.73

4.1. Esophageal stricture and treatments

Esophageal stricture refers to a pathological narrowing of the esophageal lumen, typically 

stemming from inflammation, fibrosis, or tumor growth (Figure 5a). While the healthy esophageal 

diameter measures approximately 30 mm, strictures can reduce this to 13 mm or less, causing 

dysphagia as the primary symptom. The incidence of esophageal stricture in the U.S. is estimated 

at approximately 95 per 100,000 person-years, with an overall rate of about 11 per 100,000 person-

years worldwide.74 Strictures may be benign, with peptic strictures, resulting from 

gastroesophageal reflux disease (GERD), accounting for nearly 80% of benign cases.75 Other 

benign causes include caustic ingestion, particularly in children. Malignant strictures are mostly 

caused by esophageal cancer. Benign strictures are often effectively managed by endoscopic 

dilation, with success in over 90% of patients. Mechanical (bougie) dilators are preferred for 

simple strictures larger than 10 mm, while balloon dilators are utilized for more complex cases.76 

Adjunctive therapies, such as intralesional steroid injections or systemic steroids, may be 

administered to mitigate post-dilation inflammation and reduce recurrence. In contrast, malignant 

strictures are primarily treated with surgical resection, chemotherapy, or radiotherapy.

4.2. Stents in the treatment of esophageal stricture

4.2.1. Overview: biomechanical environments and complications

Esophageal stents experience repetitive high-amplitude peristaltic contractions and substantial 

longitudinal motion of the esophageal wall due to the axial shortening during swallowing and 

respiration, making stent migration a primary failure mode. Peristaltic waves can overcome stent 

anchoring, driving stent migration. Although rigid stents resist esophageal motion, they often 
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provoke chest pain or spasm when their axial flexibility is insufficient. Therefore, the core 

biomechanical conflict lies in optimizing the stent's radial force. It must be high enough to anchor 

the device and prevent migration, yet low enough to avoid complications like chest pain, bleeding, 

or perforation.77, 78 Indeed, studies show that low-radial-force stents can reduce severe adverse 

events without compromising efficacy.79, 80 Beyond radial force, geometric factors like wall 

thickness and flaring are critical, as a mismatch with the patient's anatomy can lead to food bolus 

impaction and reflux symptoms.81, 82

        Esophageal stenting is a cornerstone palliative therapy for patients with advanced esophageal 

malignancy, as more than 50% of those with late-stage disease require stents to restore luminal 

patency for oral intake.83 Stents are also frequently used in refractory benign strictures, although 

their efficacy remains limited, with clinical success rates typically around 40–50%.84 Esophageal 

stents are implanted endoscopically in a compacted state and deploy to self-expand against the 

lumen, improving dysphagia. Ideal esophageal stents, typically 16–21 mm in diameter and 90–

150 mm in length, with a flared proximal end of 20–25 mm,85 must resist migration, minimize 

tissue ingrowth, be biocompatible, and maintain sufficient radial strength. Current commercially 

available options include self-expanding metallic stents (e.g., Ultraflex™) and self-expanding 

plastic stents (e.g., Polyflex™), both of which are subject to complications such as migration, 

tissue ingrowth, or granulation tissue formation. In the past two decades, the biodegradable stents 

have been developed to overcome some limitations and complications of stent removal associated 

with self-expanding metallic stents and plastic stents.

4.2.2. Metallic esophageal stents 

Self-expanding metallic stents (SEMS) fabricated from nitinol or stainless steel are the most 

commonly used esophageal stents for malignant strictures,86 which are available as uncovered, 

partially covered, or fully covered variants (Figure 5b). Uncovered SEMS, introduced in the 

1990s, are prone to tumor ingrowth in 17–36% of cases and cause chest pain in 12–14% of 

patients.87 Fully covered SEMS significantly reduce tumor ingrowth (to ~16%) and chest pain (to 

~10%),39 but migration rates increase to 23–31%.88 Partially covered SEMS, which leave mesh 

exposed at the ends, help prevent migration, reducing its incidence to approximately 15%, while 

also lowering tumor ingrowth to around 11%.39 However, expanding the stent diameter and size 

of the stent ends increases the risk of pressure-related complications, such as hemorrhage, 
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perforation, fistula formation, fever, and pain.89 Innovative designs such as double-layered nitinol 

stents with an uncovered outer layer for anchorage and a covered inner layer to suppress tumor 

growth have shown promising early results, with migration rates of ~4.7% and tumor embedding 

at ~11%.90

4.2.3. Plastic esophageal stents 

Self-expanding plastic stents (SEPS), exemplified by the Polyflex™ stent made of thermoplastic 

polyurethane (PU) and silicone-covered mesh (Figure 5c), were developed to reduce the tissue 

damage and chest pain associated with rigid metal stents. Compared to SEMS, SEPS typically 

show mild tissue damage, leading to low tissue ingrowth rates (~3.4%).85 However, their 

migration, ranging from 47-67%, remains significantly higher than SEMS.91, 92 Comparative trials 

with SEPS versus SEMS in malignant strictures have reported higher late migration rates for 

SEPS.91 Nonetheless, because Polyflex™ is the only FDA-approved self-expanding stent for 

benign strictures, its removability and safety profile make it particularly suitable in that setting.93

4.2.4. Biodegradable esophageal stents 

To overcome the challenge of stent removal and reduce long-term complications like tumor 

ingrowth, granulation, and migration, biodegradable stents have been introduced. Two primary 

types are used clinically for benign esophageal strictures: the poly-L-lactic acid (PLLA) stent 

(Marui Textile Machinery) and the SX-ELLA stent (ELLA-CS; Figure 5d). PLLA stents, 

consisting of knitted PLLA monofilaments,94 were implanted into 13 patients with various 

esophageal diseases. The result showed no re-narrowing during the following 7 months to 2 years, 

while 10 patients experienced stent migration.95 SX-ELLA stents, which is made of woven 

polydioxanone (PDO) monofilament and CE-approved in Europe,96 has been evaluated in a meta-

analysis involving 16 studies and 246 patients.97 Technical success was excellent (97.2%) with 

clinical success (symptom resolution) in 41.9% of cases. Re-intervention was required in 36.2%, 

while migration occurred in only 6.5%, and reported complications occurred in 15% of patients. 

Early PLLA stents suffered from rapid degradation and loss of radial force, leading to collapse and 

restenosis. In contrast, SX-ELLA stent maintained structural integrity for at least 6-8 weeks after 
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placement and degraded by 90% within 9–12 weeks, offering more sustained dilation.98 In 2011, 

Rincon et al. reported a patient receiving an SX-ELLA stent showing a collapse of the stent mesh 

inside the esophageal lumen, which might be due to the partial absorption of PDO mesh and 

reduced mechanical strength.99

          Biodegradable metal stents, particularly Mg-based alloys, are under development due to 

their mechanical strength and biocompatibility. However, a significant challenge associated with 

Mg-based materials is their rapid degradation rate, resulting in 50% mass loss in vitro within 1 

week.100 To address this challenge, Yuan et al. used mixed polymer of PCL and PTMC as the 

coating on Mg alloy stents, which significantly slowed down the degradation from 100% mass 

loss at 7 weeks for pristine Mg stent to 40% mass loss at 10 weeks for coated stent (Figure 5e).72 

The coated stent also showed good elasticity and safety after placement in rabbits for 4 weeks. In 

another study, Liu et al. introduced a PLGA polymer coating containing paclitaxel as an 

antiproliferative drug on a Mg alloy stent.73 The addition of PLGA coating increased radial force 

of stent by 2.5 times and achieved controlled degradation over 13 weeks (Figure 5f). The 

evaluation of stents in rabbit models showed that stents maintained esophageal patency for at least 

3 weeks with reduced infiltration of inflammatory cells and fibrous tissue. However, the stent 

migration rate of 58.3% (7 out of 12 rabbits) remains high. While these advancements in 

biodegradable materials are promising, they primarily address the issue of permanence and 

mechanical support. The fundamental challenges of preventing tissue ingrowth in benign strictures 

and inhibiting tumor progression in malignant cases remain, setting the stage for the development 

of drug-eluting stents.

4.2.5. Drug-eluting esophageal stents

To actively modulate the biological responses that lead to stent failure, DESs have been developed 

to provide localized, sustained pharmacotherapy directly at the site of the esophageal stricture. 

Reflecting the dual nature of esophageal strictures, the therapeutic goals of DES in this application 

are fundamentally different from those in the airway. For malignant strictures, the primary 

objective is local tumor control through the elution of chemotherapeutic or radioactive agents. In 

stark contrast, for benign strictures, the goal shifts to preventing hyperplastic tissue response and 

restenosis, often using anti-proliferative or anti-inflammatory drugs.100 This targeted approach 
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aims to overcome the limitations of both permanent stents and systemic drug administration by 

maximizing local drug concentration while minimizing off-target toxicity.101

        For malignant strictures, the primary goal of DES is local tumor control. Stents have been 

designed to elute chemotherapeutic agents to inhibit tumor growth and prolong stent patency. For 

instance, a biodegradable magnesium stent coated with paclitaxel (PTX) in a poly(lactic-co-

glycolic acid) (PLGA) carrier was shown to enhance fibroblast apoptosis and reduce inflammatory 

cell infiltration in a rabbit model.73 Another innovative approach involves a magnetic field-

responsive stent coated with a PTX-loaded film containing a phase-change material. This design 

allows for on-demand drug release triggered by an external alternating magnetic field, offering a 

new level of control over local chemotherapy.102 In addition to chemotherapy, radioactive stents 

loaded with iodine-125 seeds have been developed for palliative brachytherapy. A meta-analysis 

of studies on esophageal cancer showed that radioactive stents resulted in better dysphagia relief 

and longer overall survival compared to traditional SEMS.103

        In the context of benign strictures, DES are designed to elute anti-proliferative or anti-

inflammatory drugs to prevent the hyperplastic tissue response that causes restenosis. A novel 

polymer-free DES was developed by creating a nanonetworked silica film on the surface of a 

nitinol stent.104 This film served as a reservoir for sirolimus, an anti-proliferative agent, and was 

shown to significantly inhibit stent-induced tissue proliferation in a rat model. Another strategy 

employed a biodegradable electrospun paclitaxel/poly(ε-caprolactone) (PCL) fiber coating on a 

bare stent.105 In a dog model, this DES markedly reduced inflammation and collagen hyperplasia 

and was easily extracted with minimal tissue damage, demonstrating the potential of combining 

biodegradability with drug elution to manage benign strictures.

        Despite significant preclinical success, the clinical translation of esophageal DES has been 

slow and met with considerable challenges. A primary hurdle is achieving optimal drug release 

kinetics; an initial burst release can cause local toxicity, while an overly slow release may be sub-

therapeutic.106, 107 The complex esophageal environment, with constant peristalsis and fluid flow, 

makes predictable, long-term drug delivery difficult.107 Furthermore, in vitro models often fail to 

accurately predict in vivo drug uptake, which is highly dependent on the permeability of the 

esophageal tissue.108 While numerous animal studies have demonstrated proof-of-concept, there is 

a notable lack of large-scale human clinical trials for esophageal DES. Consequently, their 

Page 27 of 57 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
pr

os
in

ca
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

0.
12

.2
02

5.
 7

:2
2:

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5TB01514F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb01514f


definitive role in improving patient outcomes, particularly in terms of overall survival and long-

term patency for malignant disease, remains to be established.107

5. Ureteral stents

Figure 6. (a) Ureteral obstruction. (b) Silicone stent (Imajin Hydro™, Coloplast). (c) PU stent 

(Percuflex™ Plus, Boston Scientific). (d) the Tria™ stent (Boston Scientific) (e) The changes of 

total urine magnesium content and the calculated residual mass of the ZJ41 Mg stents as a function 

of time. (f) Bacteria concentration results of the control group (no implantation), stainless steel 

stent (SS), and ZJ41 stent at 0-, 7- and 14 weeks post-implantation.

5.1. Ureteral obstruction and treatments 
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Ureteral obstruction is a blockage in one or both ureters, which are the tubes that carry urine from 

the kidney to the bladder (Figure 6a). If left untreated, this condition can result in hydronephrosis, 

recurrent urinary tract infections, kidney damage, or even renal failure. Obstruction impedes the 

normal flow of urine, causing it to back up into the kidneys and increasing the risk of infection and 

pressure-induced damage. Common symptoms include flank pain, hematuria (blood in the urine), 

and difficulty urinating. The most common causes of ureteral obstruction include benign prostatic 

hyperplasia (BPH), kidney stones, and ureteral stricture due to scar tissue formation. BPH, or 

prostate gland enlargement, affects approximately 70% of men over the age of 60 and is driven by 

age-related hormonal changes that promote prostate cell proliferation.109 The enlarged prostate can 

compress the prostatic urethra and obstruct urine flow. Kidney stones, solid crystalline aggregates 

composed primarily of calcium oxalate, calcium phosphate, or uric acid, can physically block the 

ureter. According to the National Health and Nutrition Examination Survey (NHANES), the 

prevalence of kidney stones in the U.S. population was 10.1% in 2015–2016,110 and the incidence 

is increasing globally. Ureteral strictures may also result from post-surgical complications, 

particularly following procedures for kidney stone removal. Iatrogenic injury during ureteroscopic 

intervention can lead to inflammation and subsequent scar tissue formation. A prior study reported 

a 14.3% incidence of ureteral obstruction in patients undergoing kidney stone removal surgery.111 

Treatment of ureteral obstruction depends on the underlying cause. For BPH, medical therapy with 

FDA-approved drugs such as finasteride is commonly used. Finasteride inhibits 5-alpha-reductase, 

reducing dihydrotestosterone levels and leading to prostate shrinkage, thereby relieving urethral 

compression. For kidney stones, a ureteroscope is advanced through the urinary tract to directly 

visualize the stones, which are then fragmented using laser lithotripsy and extracted with a retrieval 

basket.

5.2. Stents in the treatment of ureteral obstruction

5.2.1. Overview: biomechanical environments and complications 

The ureter is a narrow, highly curved conduit that undergoes coordinated, unidirectional peristaltic 

contractions propagating from the renal pelvis to the bladder. These contractions generate 

repetitive radial compression and axial propulsion forces on implanted stents, which can contribute 

to stent migration. Continuous low-amplitude peristalsis also produces persistent friction between 
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the stent surface and the urothelium. This micro-trauma disrupts the protective mucosal barrier 

and serves as a major initiator of biofilm formation and mineral encrustation.112-115 In addition, the 

complex flow patterns generated around stent features, particularly side holes, create regions of 

low wall shear stress (WSS), which are well-established sites for bacterial adhesion and crystal 

deposition.116 As a result, a central challenge in ureteral stent design is achieving high material 

lubricity and an optimized geometry that minimizes friction- and flow-induced biological 

complications.

        Ureteral stents are commonly placed following kidney stone removal procedures to maintain 

ureteral patency and prevent postoperative complications. Stents are typically inserted using a 

flexible cystoscope and guidewire to ensure reliable urine drainage and to minimize risks of early 

or delayed ureteral obstruction.117 Standard ureteral stents typically have a diameter of 1.5–5 mm 

and a length of 12–30 cm.118 The most commonly used design is the double-J stent, named for its 

curled ends that anchor in the renal pelvis and bladder, preventing migration. Side holes are often 

incorporated to promote urine flow even when the ureter is partially compressed. Currently 

available ureteral stents are composed primarily of silicone (e.g., Pyelostent, Imajin Hydro™, 

Endosil™), PU (e.g., Percuflex™, Polaris™ Ultra, Tecoflex™), and metallic stents (e.g. 

Resonance®, PassageTM). Global usage of ureteral stents exceeds 1.5 million annually, with 

market projections estimating values surpassing $564.4 million by 2026.119 Despite their 

widespread use, ureteral stents are associated with a high incidence of complications, including 

bacterial infections and encrustation, which affect over 80% of patients. The urinary system 

presents a challenging environment to implanted stents due to fluctuating pH, the continuous 

presence of various microorganisms and mineral salts in urine. These conditions contribute to early 

complications, occurring in 10–50% of patients within the first week of stent placement, and nearly 

universal complication rates with long-term stenting beyond four weeks.120 Upon exposure to 

urine, stents become coated with a urinary conditioning film, composed of urinary proteins, ions, 

and crystals. This film promotes bacterial adhesion and colonization, which has been reported in 

42–90% of indwelling stents.121 Bacterial colonization not only increases infection risk but also 

accelerates encrustation, a late-stage complication involving mineral deposition on the stent 

surface that can obstruct urine flow and necessitate surgical removal. These complications, 

particularly infection, encrustation, and stent obstruction, can lead to stent failure, significantly 

reducing patient quality of life and imposing a substantial economic burden on healthcare systems.
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5.2.2. Silicone stents 

Silicone was one of the earliest materials used for ureteral stents due to its softness and flexibility 

compared to other materials. It has long been recognized for its resistance to encrustation and 

bacterial adhesion, which are key advantages demonstrated in both in vivo and in vitro studies. For 

example, a prospective randomized multicenter trial of silicone Imajin Hydro™ (Coloplast) 

(Figure 6b) versus PU-based Percuflex Plus™ (Boston Scientific) (Figure 6c) in 141 post-

ureteroscopy patients found significantly lower biofilm formation (0.93 vs. 1.24, p = 0.0021) and 

mineral encrustation (0.78 vs. 1.22, p = 0.0048) in the silicone group after just three weeks.122 

Long-term in vitro studies have similarly confirmed that smooth silicone surfaces resist struvite 

and hydroxyapatite buildup more effectively than PU and other polymers.123, 124 However, earlier 

silicone stents were abandoned due to practical limitations: high friction during placement, low 

tensile strength, and narrow lumen-to-wall thickness ratios that impeded urine flow and made 

guidewire insertion difficult. Recent advancements in silicone chemistry and stent design have 

addressed these issues. Modern silicone exhibits improved tensile strength and hydrophilic 

coatings, which significantly reduce friction during placement and enhance patient comfort. A 

pivotal clinical comparison between the modern Imajin Hydro™ and Percuflex Plus™ stents 

showed that silicone stents were associated with significantly lower pain scores at day 20 post-

implantation (body pain index: 18.7 vs. 25.1, p = 0.015), indicating better patient tolerance.125 

These findings underscore the therapeutic potential of modern silicone ureteral stents, combining 

the anti-encrustation benefits of traditional silicone with enhanced delivery and durability 

properties.

5.2.3. Polyurethane stents 

PU became the material of choice for ureteral stents after early silicone models were discontinued, 

primarily due to its enhanced tensile strength, mechanical resilience, and reliable urine drainage 

performance. However, PU’s rigidity often results in increased patient discomfort and stent-related 

pain.126 Furthermore, PU stents exhibit significant encrustation rates, ranging from 27% after 6 

weeks, 57% between 6–12 weeks, and reaching 76% beyond 12 weeks, as well as bacterial 
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colonization in approximately 55% of devices.127 To mitigate these drawbacks, manufacturers 

have developed PU-based copolymers and surface coatings, such as hydrogels, hydrophilic layers, 

and antimicrobial agents, to reduce encrustation and biofilm formation. Products like Percuflex™, 

Polaris Ultra™, and Tecoflex™ claim improved durability and decreased complication rates. 

Nonetheless, detailed composition data are largely proprietary, and independent comparative 

studies remain scarce. A notable innovation is Boston Scientific’s Tria™ stent, featuring a 

PercuShield™ technology, which is a nonionic, super-smooth, hydrophobic inner and outer 

surface coating (Figure 6d). Initial in vitro and short-term ex vivo studies showed that the Tria™ 

stents with PercuShield coatings resulted in up to 60% reduction in calcium and Mg salt deposition 

compared to other PU stents.128 However, a randomized clinical trial comparing Tria™ to the 

Polaris Ultra™ stent over 14 days found no significant difference in encrustation volume, as 

measured by micro-computed tomography.129 While these early results support the feasibility of 

Resonance®, its long-term in vivo effectiveness and patient outcomes remain to be demonstrated 

in extended studies.

5.2.4. Metallic stents 

Metallic ureteral stents have been developed to address the mechanical limitations of traditional 

silicone and PU stents, which can deform or collapse under external compression from tumors, 

fibrotic tissue, or crossing anatomical structures such as blood vessels.113 These compressive 

forces are especially common in malignant obstructions, where polymer-based stents often fail to 

maintain ureteral patency. In contrast, metal stents offer superior radial strength and mechanical 

durability, making them suitable for more severe or recurrent cases of ureteral obstruction. Among 

these, double-J stents like the Resonance®, constructed from nickel–cobalt–chromium–

molybdenum alloy, are designed to resist external forces while reducing migration. Self-

expandable metal stents, such as the Memokath® 051, utilize shape-memory alloys that expand in 

situ to conform to the ureteral lumen, providing reliable long-term drainage. Clinical studies have 

demonstrated that these metallic stents are effective in managing both benign and malignant 

obstructions, often achieving months of patency, though complications such as stent migration, 

encrustation, hematuria, and urinary tract infections are still observed.130 To improve the patient’s 

comfort, newer generations of metal stents, such as the Passage™, have been engineered for 
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greater flexibility and anatomical conformity.131 These designs also maintain strong resistance to 

radial compression, a key requirement for treating extrinsic obstruction. Early data suggested 

improved performance in select patient populations,131 but broader clinical validation is still 

needed. Long-term safety, optimal sizing, and prevention of complications like biofilm formation 

remain critical areas for future research to fully establish the role of next-generation metal stents 

in urological practice.

5.2.5. Biodegradable stents 

Traditional ureteral stents often require a second procedure for removal once their therapeutic 

function is no longer needed, a process that adds to patient discomfort, healthcare costs, and the 

risk of complications such as infection, encrustation, and ureteral injury. Delayed or missed 

removals can lead to serious outcomes, including obstruction or kidney damage. Biodegradable 

stents are designed to degrade safely within the body after serving their function, thereby 

eliminating the need for retrieval. Over the past two decades, various biodegradable polymers, 

such as PLGA, PLA, PLLA, PCL, and PDLLA, have been used to make ureteral stents and 

evaluated in preclinical studies. While many early prototypes succeeded in providing temporary 

stenting, inconsistent degradation and local toxicity remain significant obstacles.132 To address 

these challenges, Zhang et al. developed a stent composed of methoxypoly(ethylene glycol)-block-

poly(L-lactide-ran-Ɛ-caprolactone) (mPEG-block-PLACL), which demonstrated increased 

hydrophilicity and controlled degradation in vitro. In a 7-day dynamic urine circulation model, this 

material suppressed calcium and Mg encrustation. In vivo evaluation in rats showed significantly 

reduced mucosal hyperplasia (~29% in mPEG-PLACL vs ~100% in control) and 71% calcium 

and 92% Mg reduction after 7 weeks.133 Barros et al. fabricated a gelatin/alginate-based stent 

(HydrUStent™) using supercritical CO₂ processing. It degraded fully in 10 days in porcine ureters 

and exhibited superior biocompatibility and mechanical performance, with lower encrustation and 

bacterial adhesion than a commercial polymer stent.134 Additionally, biodegradable metallic stents 

have also been investigated to offer enhanced structural support compared to polymeric stents. For 

instance, Tie et al. developed and implanted ZJ41 Mg alloy (Mg–4Zn–1Sr, mass%) stents in pigs, 

which maintained shape integrity for 7 weeks and achieved complete degradation by 12 weeks 

(Figure 6e).135 The ZJ41 Mg alloy demonstrated better bacterial resistance than that of stainless 
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steel (Figure 6f), and PET-CT imaging showed no inflammation or tissue damage over 14 weeks. 

While these biodegradable platforms successfully address the issue of stent retrieval and show 

potential for passively reducing complications, they do not offer active therapeutic capabilities, 

such as inhibiting tumor growth, preventing inflammation, or actively dissolving stones. This 

limitation highlights the need for the next evolution in stent technology: drug-eluting stents 

designed to actively modulate the local biological environment.

5.2.6. Drug-eluting ureteral stents

To actively combat the primary causes of ureteral stent failure, DESs have been developed to 

provide sustained, localized delivery of therapeutic agents. The therapeutic strategy for ureteral 

DES is multifaceted, directly addressing the unique challenges of the urinary tract. The primary 

and most critical goal is to prevent or disrupt bacterial biofilm formation and subsequent 

encrustation, often using antibiotics, antiseptics, or novel antimicrobial agents. Secondary yet 

significant objectives include mitigating the host's inflammatory response to alleviate stent-related 

pain and discomfort, and, in specific cases of ureteral stricture, inhibiting fibroblast proliferation 

to prevent restenosis. This approach targets the key pathological processes of bacterial infection, 

encrustation, inflammation, and cellular hyperplasia directly at the stent-tissue interface.136

        A major focus of ureteral DES has been the prevention of urinary tract infections (UTIs) and 

subsequent encrustation. Stents have been coated with a variety of broad-spectrum antibiotics and 

antiseptics. For example, triclosan-eluting stents demonstrated effective inhibition of common 

uropathogens like P. mirabilis and E. coli in preclinical models, though clinical trial results were 

less conclusive.137 To address the risk of antibiotic resistance, alternative strategies are being 

explored. Nitric oxide (NO)-releasing catheters have shown broad-spectrum bactericidal 

properties and an ability to prevent biofilm formation without inducing resistance.138, 139 Another 

approach involves bio-inspired coatings, such as a polydopamine layer coordinated with copper 

ions and antimicrobial peptides (AMPs), which effectively suppresses bacterial growth and biofilm 

formation in situ.140-143

        Beyond infection, DES are also designed to mitigate the host's inflammatory and proliferative 

responses. To alleviate stent-related pain and discomfort, stents have been coated with nonsteroidal 
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anti-inflammatory drugs (NSAIDs) like ketorolac, which demonstrated significant pain reduction 

in a randomized clinical trial involving 276 patients.144 For preventing ureteral strictures caused 

by excessive fibroblast proliferation and collagen deposition, stents eluting anti-proliferative 

agents such as paclitaxel and rapamycin have been developed. For example, a rapamycin-eluting 

bilayered degradable stent made of poly(lactic-co-glycolic acid) and polycaprolactone effectively 

inhibited fibrosis-related protein expression (TGF-β1 and α-SMA) in a rat model of ureteral 

injury.145 In another approach, a trilayered biodegradable stent released both paclitaxel and 

rapamycin from silk fibroin layers, which significantly inhibited the proliferation of smooth 

muscle cells and fibroblasts in vitro and showed good biocompatibility in rat models.146 For 

treating upper tract urothelial carcinoma (UTUC), stents loaded with chemotherapeutic agents like 

mitomycin C have been investigated. A biodegradable stent coated with silk fibroin and loaded 

with mitomycin C demonstrated a controlled release over 12 hours, though animal studies revealed 

challenges with ureteric strictures and obstructive stent fragments.147, 148

        Despite extensive preclinical research and promising results, the clinical translation of 

ureteral DES remains in its early stages. A significant challenge is designing a drug delivery 

platform that can provide sustained release over weeks to months in the highly dynamic and 

corrosive urinary environment136. The rapid flow of urine can wash away drugs, and the coating 

itself must resist degradation and encrustation to function correctly. Furthermore, while numerous 

animal studies have demonstrated proof-of-concept, there is a stark lack of human clinical trials, 

and currently, no drug-eluting ureteral stent is commercially available136. Establishing the long-

term safety, particularly concerning local tissue toxicity and the effects of drug byproducts, and 

proving definitive clinical efficacy in large, randomized trials are critical hurdles that must be 

overcome before these advanced stents can become a standard of care.149

6. Eye stents
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Figure 7. (a) Glaucoma. The image was adapted from Fort Worth Eye Associates. (b) iStent™ 

(Glaukos Corporation). (c) iStent Inject® (Glaukos Corporation) with 2 stents per device and each 

with 4 lateral outlet lumens for multidirectional outflow. (d) The Hydrus™ Microstent (Ivantis, 

Alcon). (e) XEN™ Gel stent (Allergan)

6.1. Glaucoma and treatments 

Glaucoma is a group of ocular disorders characterized by optic nerve damage and irreversible 

visual loss. The condition is typically caused by impaired drainage of aqueous humor, leading to 

increased intraocular pressure (IOP) (Figure 7a). In 2020, approximately 76 million individuals 

worldwide were affected, a number projected to rise to nearly 112 million by 2040, with over 3 

million currently living with glaucoma in the U.S..150 Because glaucoma often remains 

asymptomatic until advanced stages, only 10–50% of those affected are aware of their condition.151 

Primary open-angle glaucoma (POAG) accounts for over 80% of cases, while the remaining cases 

are predominantly angle-closure glaucoma. The hallmark of POAG is an elevated IOP 

(> 21 mm Hg), driven by impaired aqueous humor outflow. 

        Current treatments for POAG focus exclusively on lowering IOP. Topical medications (e.g., 

prostaglandin analogs) are first-line due to their non-invasive nature, though irritation affects up 

to 40% of patients, and poor long-term adherence and cost issues are common.152 When 

medications are insufficient, selective laser trabeculoplasty (SLT) is typically the next step: it uses 

low-energy lasers to enhance trabecular meshwork outflow, lowering IOP by 30%, with a 6- to 

12-month success rate of 55–82%.153 While SLT efficacy wanes over time, success rates drop to 

roughly 50% at 3 years and 32% at 5 years.154 For advanced or refractory cases, surgical 
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trabeculectomy creates a new drainage pathway and offers sustained IOP reduction, but comes 

with a 37–50% failure rate due to complications such as persistent hypotony and vision loss.155

6.2. Challenges for eye stents in the ocular microenvironment

Over the past decade, minimally invasive glaucoma surgeries (MIGS) have emerged as a 

promising approach to effectively treat glaucoma via the ab-interno or ab-externo approaches for 

lowering IOP with minimal or no scleral dissection. MIGS effectively lower IOP by implanting 

micro-stents that enhance aqueous humor outflow via Schlemm’s canal or the subconjunctival 

space.156 These micro-stents are tiny, typically 45–140 µm in diameter and 1–8 mm in length, 

depending on the device. Their performance is related to the unique micro-scale, pressure-driven 

biomechanical environments of the anterior chamber. First, the ability to modulate outflow 

resistance is critical for eye stents. In glaucomatous eyes, the increased outflow resistance arises 

primarily from pathological alterations in the juxtacanalicular trabecular meshwork and the inner 

wall of Schlemm’s canal.157, 158 Devices such as the iStent™ and Hydrus™ must therefore be 

designed to bypass or support these delicate micron-level structures without inducing mechanical 

trauma. Second, given the natural fluctuations of IOP,159-161 micro-stents must maintain structural 

stability under variable pressure gradients while remaining sufficiently compliant to avoid 

damaging adjacent tissues. Third, long-term stent failure is frequently caused by fibrosis, 

particularly bleb scarring in subconjunctival drainage procedures, which progressively blocks the 

outflow pathway and restores pathological resistance.162 These challenges have motivated the 

development of diverse material compositions, geometries, and surface modifications in 

commercial MIGS devices to achieve precise flow control, mechanical compatibility, and 

improved resistance to fibrosis.

6.3. Commercial MIGS devices and associated challenges

These devices are designed to create or enhance aqueous humor outflow pathways through a 

permanent physical scaffold, representing the traditional MIGS approach. They are further 

classified by their target outflow pathway.
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6.3.1. Permanent mechanical stents

iStent™ (Glaukos; FDA-approved in 2012). The first generation iStent is a heparin-coated, Ti 

trabecular bypass stent implanted into Schlemm’s canal to bypass the trabecular 

meshwork (Figure 7b). Studies involving combined cataract and iStent surgery have reported ~42% 

IOP reduction and up to 91% of patients achieving ≥28% IOP reduction (≤ 18 mmHg) without 

additional therapy for 3 years.163 Although the iStent is commonly implanted with concurrent 

cataract surgery, clinical evidence also demonstrated that iStent implantation as a standalone 

procedure could result in a significant reduction in IOP and in the dependency on glaucoma 

medications.164 In 2018, the second generation iStent, iStent Inject® (Figure 7c), was introduced 

to further improve their clinical performance. iStent Inject delivers two stents in a single entry into 

the eye, offering an increased surface area for aqueous humor outflow and further enhancing the 

reduction of IOP.165

        Hydrus™ Microstent (Alcon; FDA-approved in 2018). The Hydrus is a nitinol stent 

designed to enhance outflow by dilating and scaffolding a portion of Schlemm’s canal (Figure 

7d). Made from nitinol, its superelastic properties allow it to be delivered flexibly and then self-

expand to gently support the canal's structure over a length of 8 mm.166 Clinical data showed that 

the Hydrus microstent had a higher surgical success rate (e.g. 35.6% vs. 10.5% 12-month 

cumulative event-free survival rate) and greater medication reduction (e.g. 46.6% vs. 24.0% 

medication free) compared to the iStent.167 Five-year clinical trial results demonstrated that Hydrus 

microstent implantation effectively lowered IOP, reduced the need for medication use, and 

decreased the likelihood of postoperative incisional glaucoma filtration surgery compared to 

cataract surgery alone after 5 years, without adversely affecting the corneal endothelium.166 While 

the Hydrus microstents show promising results, more long-term follow-up studies are needed to 

assess the durability of its effects. 

        XEN Gel stent (Allergan; FDA-approved in 2016). XEN gel stent is a hydrophilic tube 

made of porcine collagen cross-linked with glutaraldehyde (Figure 7e). Unlike the iStent and 

Hydrus, which aim to enhance aqueous outflow via Schlemm’s canal, the XEN Gel stent is 

designed to create a new outflow pathway from the anterior chamber to the subconjunctival space 

via an ab interno approach.168, 169 XEN Gel stents were tested in 64 patients with standalone 

implantation and those combined with cataract surgery over a 4-year period.170 The study reported 
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a 40% reduction in IOP and a 50% decrease in the use of glaucoma medications. However, an 

annual surgical failure rate of approximately 10% was observed, defined as the need for additional 

IOP-lowering procedures or loss of light perception. Another study analyzed the efficacy of the 

XEN Gel stent from 78 studies published before May 2021.171 Their analysis confirmed that the 

XEN Gel stent is effective in IOP reduction and reduction in medication utilization. However, 

XEN Gel stent implantation is associated with a relatively high needling rate, particularly when 

used as a standalone procedure. Reported needling rates ranged from 35.6% to 48.6% for 

standalone implantation, compared to 34.8% when combined with cataract surgery and 19% 

following trabeculectomy. The primary reason for needling is bleb fibrosis or scar formation, 

which can directly obstruct the stent and compromise its function, underscoring the central 

challenge of subconjunctival implants.

6.3.2. Biodegradable, drug-eluting implants

A newer class of glaucoma implants shifts treatment from purely mechanical aqueous humor 

drainage to sustained, implant-based drug delivery, directly addressing the major clinical challenge 

of patient non-adherence to topical medications. These systems may be biodegradable or 

permanent, and deliver long-acting prostaglandin analogs to achieve continuous IOP reduction.

        Durysta® (Allergan; FDA-approved in 2020). Durysta® is a biodegradable intracameral 

implant approved for sustained drug delivery in glaucoma. The cylindrical implant (diameter of 

200 µm, length of 1.1 mm) is composed of PLGA polymers and contains 10 µg of bimatoprost, 

which is released in a continuous, nonpulsatile manner for approximately 3–4 months.172 Its 

biodegradable nature offers two key advantages in mitigating fibrosis. First, as the implant fully 

degrades, it removes the chronic mechanical signal that typically drives subconjunctival or 

intracameral fibrosis around permanent implants. Second, high local drug concentrations may 

modulate extracellular matrix turnover by upregulating MMP1 and downregulating fibronectin to 

enhance aqueous outflow and sustain the IOP-lowering effect after drug depletion.173 Durysta® 

markedly improves therapeutic adherence and reduces topical medication burden in real-world 

studies. However, a major limitation is its FDA approval for single administration per eye, due to 

concerns about cumulative corneal endothelial cell loss with repeated dosing.174
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        iDose® TR (Glaukos; FDA-approved in 2023). iDose TR is a permanent, titanium-based, 

drug-eluting implant placed through the trabecular meshwork and anchored in the sclera. The 

device contains a reservoir of travoprost, sealed with a proprietary membrane to provide controlled, 

long-term drug diffusion directly into the anterior chamber.175 This approach enables continuous 

drug delivery independent of patient adherence. In a real-world series of standalone implantations, 

iDose TR achieved a 33.2% reduction in mean IOP at 3 months, with 100% of eyes becoming 

drop-free.176 This system exemplifies the emerging paradigm of “interventional glaucoma”, 

shifting therapy from patient-dependent topical regimens to reliable, long-acting implants.

6.4. Limitations and future directions in eye stents and implants

Despite meaningful advances, current devices have important limitations. Trabecular bypass stents 

such as iStent™ and Hydrus™ have excellent safety profiles but typically achieve only modest 

IOP reductions, making them more suitable for mild-to-moderate disease. Subconjunctival 

implants like the XEN Gel Stent face the persistent challenge of bleb fibrosis, often necessitating 

postoperative needling or revision procedures.177 Durysta®, while avoiding the long-term foreign 

body response, is limited by its single-use restriction and concerns regarding corneal endothelial 

safety upon re-dosing. These issues highlight the need for materials with both long-term 

biocompatibility and repeated-administration safety. To overcome the shortcomings of topical 

medications, including poor adherence and ocular surface toxicity, a new class of procedural 

pharmaceuticals or drug-eluting implants has emerged. Unlike drug-eluting stents in other luminal 

systems, which aim to prevent restenosis or infection, glaucoma drug-eluting implants primarily 

seek to replace patient-administered therapy entirely by functioning as long-lived drug reservoirs. 

Future innovation will likely focus on developing materials for reusable or refillable drug depots, 

biodegradable implants optimized for safe repeated administration, and hybrid systems integrating 

mechanical outflow enhancement with controlled pharmacologic therapy.  

7. Other stents for treating NVLDs

7.1. Biliary stent
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Biliary stricture refers to the abnormal narrowing of the bile duct, often resulting from 

malignancies, gallstone-related scarring, or iatrogenic injury during surgery. Such strictures can 

obstruct bile flow and impair digestion, potentially leading to complications, such as jaundice and 

cirrhosis.178 Although surgical options such as hepaticojejunostomy or ductal resection offer 

definitive treatment for both benign and malignant strictures, these procedures are highly invasive 

and not suitable for all patients due to associated risks and comorbidities. As a less invasive 

alternative, biliary stent placement is widely used to relieve obstruction, restore bile flow, and 

support ductal remodeling. The biliary tract presents a harsh biochemical environment, where the 

constant flow of bile promotes the formation of bacterial biofilms and sludge accumulation, 

making stent occlusion a primary mode of failure. In addition, the relaxation of the sphincter and 

ductal dilation reduce frictional anchoring, resulting in stent migration into the duodenum, 

common bile duct, or the colon.179

        Currently, biliary stents are typically fabricated from either metallic or plastic materials. 

Common metallic biliary stents are made of nitinol, such as WallFlex™ (Boston Scientific), 

HANAROSTENT® (OLYMPUS), and Niti-S™ D (Taewoong Medical). Some metallic stents, 

like WallFlex™, are partially or fully coated with silicone or other polymers to reduce tissue 

ingrowth, which is a major complication that can lead to stent occlusion.180 Plastic stents are 

commonly made from materials such as polypropylene (e.g., Advanix™, Boston Scientific) or 

polyethylene (e.g., Cotton-Leung®, Cook Medical). Their high efficacy, ease of insertion and 

removal, and relatively low-cost result in broad clinical adoption. However, a major limitation of 

plastic stents is their high susceptibility to occlusion, which is primarily due to bacterial biofilm 

formation. This can result in recurrent jaundice, pruritus, and other complications. Notably, acute 

cholangitis has been reported in 20-40% of cases, often requiring stent exchange or additional 

surgical intervention to restore biliary drainage.181

        To overcome these limitations and eliminate the need for secondary removal surgery, 

biodegradable biliary stents have been developed. Clinical studies demonstrated the safety and 

effectiveness of poly-p-dioxanone (PDO)-based stents (PDX, ELLA-CS).182 The main drawbacks 

of PDX stents are their relatively low mechanical strength, which limits their application in 

complex biliary structures. PLLA stents were able to maintain superior mechanical strength during 

the degradation process in bile.183 Moreover, PLLA appeared to reduce long-term sludge 
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accumulation due to the surface degradation, potentially addressing a key challenge for biliary 

stent patency.184

        In addition to biodegradable polymers, biodegradable metals, particularly Mg alloys, have 

emerged as a promising alternative for biliary stents. Mg alloys offer superior initial mechanical 

strength and exhibit intrinsic bioactivity that may provide therapeutic benefits. A major challenge, 

however, is their rapid corrosion in physiological environments.185 To address this, various 

surface-modification strategies have been developed. Fluoride treatments and biodegradable 

polymer coatings form temporary protective barriers that significantly reduce early corrosion and 

hydrogen evolution, thereby prolonging the period during which Mg stents maintain clinically 

meaningful mechanical integrity.186, 187 In addition, alloy design has also been instrumental in 

achieving controlled corrosion and improved biocompatibility. For example, Mg–6Zn alloys 

demonstrated an appropriate in vivo degradation rate (~0.107 mm/year) and did not induce 

significant apoptosis in surrounding tissues when implanted in the rabbit common bile duct for 

three weeks, supporting their suitability as biodegradable biliary stents.188, 189 Similarly, WE43 

alloys exhibited slower corrosion in human bile compared with pure Mg.190 Beyond mechanical 

and corrosion behavior, emerging evidence suggests that Mg degradation products may exert anti-

tumor effects. In vitro evaluation and xenograft tumor models showed that Mg-based materials 

can inhibit gallbladder cancer cell proliferation,191 further supporting their potential in biliary 

applications. Notably, UNITY-B, a balloon-expandable Mg alloy stent (MgNdMn21) with a 

polymer surface coating, has received CE certification, although detailed clinical performance data 

remain limited.192

        Building on the concept of bioactive materials, drug-eluting stents (DES) have been 

developed to directly address the dominant biological causes of stent failure. In malignant biliary 

strictures, DES are primarily designed to deliver local chemotherapy. Stents incorporating 

paclitaxel (PTX) or gemcitabine (GEM) have demonstrated effective inhibition of tumor ingrowth 

in both preclinical models and early clinical studies.193, 194 For instance, a PTX-eluting covered 

metallic stent achieved a mean patency of 429 days in patients with malignant biliary obstruction, 

a substantial improvement over non-eluting covered stents.195 Antibacterial coatings incorporating 

silver nanoparticles have also shown strong anti-biofilm activity, addressing one of the major 

causes of occlusion in plastic biliary stents.196, 197
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7.2. Colonic stent

Colorectal cancer is the second leading cause of cancer-related deaths in the United States.198 

Malignant colonic obstruction occurs in approximately 10–40% of these patients, presenting with 

symptoms such as nausea, vomiting, abdominal pain, and severe distension.199 While emergency 

surgery remains the standard treatment, it is not suitable for all patients and carries a high risk of 

morbidity and mortality.200 As a less invasive alternative, colonic stent placement has been widely 

adopted as a "bridge to surgery" (BTS). By relieving the obstruction and decompressing the bowel, 

stents allow time for medical optimization and elective tumor resection under improved conditions, 

thereby reducing surgical complications and mortality. Current colonic stents are self-expanding 

nitinol stents, such as Wallflex™ (Boston Scientific), Evolution™ (Cook Medical), and ComVi™ 

(TaeWoong Medical). Studies have shown that stent placement followed by elective surgery is 

associated with shorter hospital stays, fewer procedures, and reduced ICU time compared to 

emergency surgery.200

        However, the use of colonic stents faces challenges due to the complex mechanical and 

biological environment of the large intestine. The colon’s tortuous geometry and strong segmental 

peristalsis impose substantial radial and axial stresses on implanted devices, contributing to a high 

incidence of stent migration and, more critically, perforation.201-203 In addition, the colon contains 

a dense polymicrobial community and a solid fecal stream, creating an environment unlike any 

other non-vascular lumens and introducing distinct risks of infection, biofilm formation, and 

mechanical obstruction.204 Perforation is particularly concerning, as it may facilitate tumor cell 

dissemination and has been associated with increased rates of locoregional recurrence in patients 

with malignant obstruction.205, 206 To address tumor ingrowth through the mesh of uncovered 

nitinol stents, covered stents were introduced. While these effectively reduce tumor ingrowth, their 

smooth surfaces prevent tissue embedding, resulting in markedly higher migration rates.207-209

        To overcome the limitations of permanent metallic stents, BDSs made from polymers, such 

as PDO, have been investigated. The primary advantage of BDSs is that they provide temporary 

luminal support and then degrade, obviating the need for a second procedure for removal, which 

is a significant benefit in benign strictures or temporary applications.210 However, their clinical 

translation in the colon has been challenging. BDSs generally exhibited lower radial force 
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compared to nitinol SEMS, and their degradation behavior can be unpredictable in the complex 

colonic environment.210 Moreover, current BDS delivery systems are often insufficiently long or 

flexible for placement in the proximal colon, restricting their use largely to distal lesions.211

        The development of DESs represent a more targeted strategy aimed at modifying the local 

biological response. In malignant obstruction, neoadjuvant chemotherapy (NAC) is commonly 

administered systemically after SEMS placement. This “SEMS-NAC” approach has been shown 

to improve nutritional status, increase lymph-node harvest, and potentially enhance overall 

survival by treating micrometastatic disease during the bridging period.212, 213 While fully 

developed colonic DES capable of sustained local chemotherapy are still in early stages, their 

therapeutic rationale is clear: delivering cytotoxic agents directly to the tumor site to improve local 

control and optimize outcomes of subsequent surgery. The central challenge is designing drug-

release systems that remain stable and functional within the harsh enzymatic and microbiota-rich 

environment of the colon.214 While promising concepts exist for other parts of the GI tract, such 

as radioactive stents loaded with iodine-125 seeds for esophageal and biliary cancers, and 

paclitaxel-eluting stents studied for malignant biliary obstruction, robust clinical data for DESs 

specifically engineered for colonic malignancies are still lacking.103, 215-217

8. Overall comparison of stents for various NVLDs

The comparison of stents used across various NVLDs (Table 3) reveals a clear dichotomy driven 

by differences in luminal biomechanics and biology. In high-force environments such as the 

esophagus and airway, stent migration and loss of mechanical integrity are dominant challenges 

due to strong peristalsis and respiratory deformation. In contrast, biological complications are 

more prevalent in less dynamic lumens, including biofilm formation and encrustation in the urethra, 

and fibrosis associated with eye and biliary stents. This divergence highlights the limitations of 

relying on uniform material strategies and underscores the need for organ-specific, bioactive stent 

platforms engineered to address the distinct pathophysiological demands of each luminal system.

Table 3. Overall comparison of stents used across various NVLDs
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Application Clinical challenge Common 

materials

Main failure modes Key features in degradation 

or drug eluting 

Airway Dynamic 

compression, mucus 

plugging

Silicone, 

Nitinol

Migration: ~25% 

(silicone)

Granulation: 16% 

(silicone) vs. 57% (bare 

metal)

Blockage: ~24% 

(silicone)

BDS: PDO stents degrade in 

weeks; 3D-printed PLLA-co-

PCL mimics silicone 

mechanics.

DES: Sirolimus/paclitaxel 

DES at preclinical stage.

Esophagus High-amplitude 

peristalsis, tumor 

ingrowth

Nitinol, PU Migration: 6.5% (BDS) 

vs. 23-31% (covered 

SEMS) vs. 47-67% 

(plastic)

Chest Pain: ~10-14%

Tumor Ingrowth: ~17-

36% (uncovered SEMS)

BDS: PDO (SX-ELLA) 

degrades in 9-12 weeks; 

Coated Mg-alloys for 

controlled degradation.

DES: Paclitaxel/radioactive 

I-125 for malignant strictures.

Ureter Biofilm/encrustation, 

frictional irritation

Silicone, PU Infection/Encrustation: 

Affects >80% of patients

Pain/Discomfort

BDS: ZJ41 Mg-alloy fully 

degrades by 12 weeks with 

antibacterial properties.

DES: Ketorolac (pain); 

antibiotics/NO (anti-

infection) at investigational 

stage.

Eye Bleb fibrosis, micro-

scale flow control

Ti, Nitinol, 

Collagen

Fibrosis (requiring 

needling: ~35-49%)

Hypotony, migration

Permanent DES: iDose® 

TR (Ti) serving as a long-term 

travoprost reservoir.

BDS/DES: Durysta® 

degrades in ~90 days, 

avoiding chronic foreign body 

response.
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Biliary 

duct

Biofilm/sludge 

occlusion, tumor 

ingrowth

Nitinol, 

Polypropylene

Occlusion: Primary 

failure mode

Cholangitis: 20-40%

BDS: PDO stents in clinical 

use; Coated Mg-alloy 

(UNITY-B) is CE-marked.

DES: Paclitaxel/gemcitabine 

for malignancy; AgNP 

coatings for anti-infection.

Colon High peristalsis, high 

perforation risk

Nitinol Perforation: Major 

safety concern

Migration: Higher risk 

with covered stents

BDS: Limited use due to 

weak radial force and delivery 

system constraints.

DES: No dedicated colonic 

DES; strategy is “stent + 

neoadjuvant chemotherapy”.

9. Conclusion and future directions

Stent technology, originally developed for coronary interventions, has since been adapted for a 

wide range of NVLDs, including those affecting the airway, esophagus, ureter, ocular outflow 

tract, biliary system, and colon. Despite their clinical utility, the translation of advanced stent 

concepts into non-vascular applications has progressed slowly compared with vascular stents. This 

review has summarized the distinct pathophysiological conditions across NVLDs and highlighted 

current clinical devices and emerging technologies. Several key challenges must be addressed to 

enable broader clinical adoption. 

        Material limitations remain a major barrier for the development of biodegradable stents. 

Biodegradable polymers such as PLLA, PLGA, and PCL often lack the radial strength required to 

maintain patency in mechanically demanding lumens, whereas magnesium-based alloys, though 

mechanically robust, frequently degrade too rapidly or unpredictably. Degradation byproducts, 

particularly acidic products from polyester-based stents, can further exacerbate inflammation or 

impair healing. Achieving a balance between mechanical durability and predictable degradation 

remains difficult, especially because surface treatments or reinforcement strategies may 

inadvertently accelerate corrosion or alter hydrolysis kinetics. Future efforts should focus on the 

exploration of new polymer chemistry, such as citrate-based polymers,16, 37 composite systems that 
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combine polymer flexibility with metallic strength, surface-engineered Mg alloys with controlled 

corrosion, and bioactive coatings that promote tissue integration while minimizing inflammatory 

responses.

        Drug-eluting strategies offer considerable promise but require organ-specific optimization. 

Whereas coronary DES primarily target the inhibition of smooth muscle proliferation, non-

vascular lumens impose different biological challenges, including fibrosis (airway, esophagus), 

biofilm formation and encrustation (ureter), or scarring of subconjunctival tissues (glaucoma). 

Tailoring drug selection, dosage, and release kinetics to each luminal microenvironment remains 

a significant challenge. Advanced platforms, such as stimuli-responsive polymers, nano-reservoir 

systems, or spatiotemporally controlled drug-eluting architectures, may enable more precise 

modulation of local tissue responses.

        Translation to clinical practice is further hindered by gaps in regulation, manufacturing, and 

long-term evaluation. Robust randomized clinical trials are limited for most non-vascular stent 

technologies, and regulatory pathways for combination products (particularly biodegradable, drug-

eluting devices) remain complex. Manufacturing challenges, such as ensuring reproducible 

degradation behavior, maintaining lot-to-lot consistency, and validating internal architecture with 

non-destructive testing, must be addressed before widespread adoption. In parallel, long-term 

safety data addressing the systemic impacts of degradation products and chronic local drug 

exposure remain essential. 

        In addition, given the substantial variability in patient anatomy and disease presentation, 

patient-specific stents enabled by advances in high-resolution imaging and additive manufacturing 

represent a promising direction. The integration of biosensors capable of monitoring local 

inflammation, patency, or mechanical loading could enable next-generation “smart stents” that 

autonomously adjust drug release or provide early warnings of device failure. In summary, the 

future of non-vascular stenting will rely on coordinated progress in materials engineering, drug 

delivery, device manufacturing, and clinical investigation. By addressing the unique 

biomechanical and biological challenges of each luminal environment and leveraging emerging 

technologies in biomaterials, controlled drug release, and personalized manufacturing, the field is 

well positioned to advance toward safer, more effective, and durable solutions for the minimally 

invasive treatment of occlusive luminal diseases.
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