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A B S T R A C T   

Biliary stricture is defined as the reduction and narrowing of the bile duct lumen, which can be caused by many 
factors such as cancer and inflammation. Biliary stent placement can effectively alleviate benign and malignant 
biliary strictures. However, the commonly used plastic or metallic biliary stents are far from ideal and do not 
satisfy all clinical requirements，although several types of biodegradable biliary stents have been developed and 
used clinically. In this review, we summarized current development status of biodegradable stents with the 
emphasis on the stent materials. We also presented the future development trends based on the published 
literature.   

1. Introduction 

Bile ducts are long tubular structures that are responsible for trans-
porting bile from the liver and gallbladder to the small intestine, as part 
of the digestive process. Multiple bile ducts form a branch shape, called 
biliary trees, which converge on the left and right hepatic ducts, 
collectively known as the common hepatic duct. The common hepatic 
duct descends and joins the cystic duct to form the common bile duct 
(CBD), which then continues to descend to meet the main pancreatic 
duct at the ampulla of Vater. The role of the Vater ampulla is to drain 
bile from the liver and gallbladder into the duodenum [1]. Hepatocytes 
continuously produce and secrete bile into the bile duct, and bile stored 
in the gallbladder during non-digestive periods. Contrastingly, bile is 
directly discharged from the gallbladder and the liver into the duo-
denum in large quantities to help with post-prandial digestion and 
decomposition of fat and fat-soluble vitamins during digestion. The 
anatomical structure of the biliary tract is shown in Fig. 1. 

Narrowing of the bile duct lumen is called biliary stricture, which can 
be caused by factors such as intraoperative biliary injury, cancer, 
inflammation, and gallstone scarring [2]. Biliary strictures can be 
categorized as benign biliary stricture (BBS) or malignant biliary stric-
ture (MBS). BBS is generally caused by injury to the bile duct or benign 
biliary disease, while MBS is generally the result of malignant bile duct 
tumors. In previous cases, MBS occurred in 72% of patients with biliary 

stricture. Orthotopic liver transplantation (OLT) and cholecystectomy 
accounted for approximately 80% of BBS in western countries [2]. 
Biliary strictures block the flow of bile from the liver and gallbladder to 
the small intestine, which results in abnormal digestion and can cause 
serious complications such as jaundice and cirrhosis. 

Regarding biliary stricture treatments, although surgical treatment is 
immediately effective, it bestows considerable physical pain and psy-
chological pressure onto the patient. Another commonly used treatment 
option is balloon dilatation, but it has a success rate of only 70%. Biliary 
stents are further treatment options, with the option between endo-
scopic retrograde cholangiopancreatography (ERCP), and percutaneous 
transhepatic cholangiogram (PTHC). 

Biliary stents are usually used to restore the unidirectional flow of 
bile and help remodel the lumen when the bile duct is blocked or 
confined. At present, commonly used bile duct prostheses include T- 
shaped tubes and biliary stents made of plastic or metal, as shown in 
Fig. 2. The T-shaped tubes (Fig. 2(A)) are draining tubes that are inserted 
into the bile duct after open surgery to prevent stricture and to help with 
bile drainage [3]. However, the use of T-shaped tubes is associated with 
various complications, including lumen blockage, retrograde infection, 
and biliary leak following T-tube removal [4]. Alternatively, clinically 
available tubular plastic biliary stents (Fig. 2(B)) and metallic stents 
(Fig. 2(C)), although they are convenient to use, need to be surgically 
removed after benign biliary stricture (BBS) disappear or they will cause 
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blockage of the bile ducts due to the accumulation of bile sludge inside 
the plastic tube or the tissue over growth inside the metallic stents due to 
the long term of foreign body irritation to the bile duct [5]. The stent 
remove process may also cause injure to the bile duct. The use of plastic 
stents may also have the possibility of causing acute cholangitis asso-
ciated with common bile duct stones [6]. Overall, these typical issues 
associated with the use of none-degradable plastic and metal stents 
make them unsuitable for the treatment of benign bile duct strictures 
[7]. Table 1 listed some of the clinically available biliary stents. 

As shown in Table 1, all the stents listed above are made of non- 
degradable plastics or metals. Those stents have to be removed surgi-
cally when they have completed their mission and are no longer needed. 
Therefore, they are far from ideal. In an ideal clinical scenario, a biliary 
stent should be able to disappear completely after its mission has 
completed. Therefore, a biodegradable stent becomes one of the choices. 

Considering that most of the biliary stents used clinically are still 
none biodegradable stents which have to be removed by a secondary 
surgery, the use of biodegradable stents with better performances will 
provide a revolutionary treatment technique for biliary strictures. The 
choice of an appropriate biodegradable substrate material is the key for 
development of an excellent biliary stent. 

2. Materials used in biodegradable biliary stent 

In the light of the unmet clinical needs, an increasing number of 
researchers have started to focus on biodegradable biliary stents to 
overcome the shortcomings of none-biodegradable plastic and metal 

stents. Compared with plastic stents and metal stents which sometimes 
are difficult to remove due to tissue over-growth [9], biodegradable 
biliary stents do not need to be removed by performing a secondary 
surgery [10]. What’s even more exciting is that biodegradable biliary 
stents can be used as drug delivery vehicles to treat diseases or to inhibit 
intimal hyperplasia [11]. 

Several types of biodegradable polymers and metals, i.e., Poly-
dioxanone (PDX or PDO), Poly(L-lactic acid) (PLLA) based polymers and 
magnesium-based alloys with different biodegradation profiles, have 
been used in manufacturing biliary stents. 

2.1. Polydioxanone (PDX) 

PDX or PDO is a biodegradable polymer with a chemical structure as 
shown below (Fig. 3(A)). Back in 1981, PDX was used in a FDA approved 
biodegradable suture [12]. In recent years, PDX is also being studied in 
the fields of tissue engineering and drug/gene-delivery application [13, 
14,73–75]. PDX degrades through a hydrolysis mechanism for the ex-
istence of ether bonds in its structure [15]. 

It was found that bile contributes significantly to the degradation of 
sutures as compared to other simulated body fluids, indicating that the 
speed of suture degradation was affected by not only the tissue envi-
ronment, such as the temperature and the pH value (7.3) where the 
suture is located [17], but also the surrounding biological substances 
that the sutures came into contact with, such as phospholipids, phos-
phates, cholesterol, and other components contained in the bile. How-
ever, the hydrolysis of aliphatic ester bonds still is one of the main 
reasons responsible for the degradation of bioabsorbable sutures. Aside 
from hydrolysis degradation mechanism, enzymes in the bile may 
accelerate the degradation of biodegradable polymers. As a matter of 
fact, proteinase K and lipase PS have been used to accelerate the 
degradation of poly(L-lactide) (PLLA), poly(epsilon-caprolactone) (PCL) 
and their copolymers in vitro [66,84,85]. Enzymatic degradation is 
generally considered a "two-step" degradation mechanism: (1) the 
enzyme approaches the polymer surface; (2) the enzyme initiates hy-
drolysis of the polymer. Therefore, compared with other bodily fluids, 
bile may significantly accelerate the degradation of biodegradable 
polymers due to the presence of enzymes. Freudenberg et al. conducted 
an experiment in which a variety of absorbable sutures were incubated 
in 5 different body fluids, such as bile and pancreatic juice, to study the 
degree of degradation of the sutures over time [16]. The bile was 
collected through T-shaped tubes after bile duct surgery, and the 
pancreatic juice was obtained by abdominal drainage of patients with 
pancreatic fistula after pancreatic surgery. In Freudenberg’s study, they 
compared sutures from nine brands. After 21 days of incubation in bile, 
all sutures were found to have lost most of their tensile strength, except 
for PDSII® (polydioxanone) which still retained 15 N. Similar to bile, 
pancreatic juice also accelerated the loss of tensile strength of the ma-
terials compared with the same pH buffer. Overall, the PDSII® sutures 
demonstrated the strongest resistance to degradation in both bile and 
pancreatic juice than the other sutures. 

Siiki and his colleagues conducted multiple studies on braided PDX 

Fig. 1. The anatomical structure of the biliary tract [1], with permission from 
Elsevier, 2021. 

Fig. 2. Schematics of (A) T-tube; (B) plastic biliary stent; (C) metallic biliary stent. The diameter of human common bile duct is in the range of 2–8 mm [72].  
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biliary stents (Ella-CS Ltd., Hradec Kralové, Czech Republic). PDX has 
been used in biomedical applications for over two decades and has a 
well-established biological safety profile. PDX degrades in approxi-
mately 3–5 months, and the resulting degradation products or in-
termediates are non-toxic to the body [18]. Siiki et al. followed 13 
patients who underwent PDX biliary stent implantation by endoscopic 
retrograde cholangiography to treat the leakage of the cystic duct or 
benign biliary stricture. A subsequent evaluation of the effects of the 
stent implantation was carried out through liver function tests and 
magnetic resonance imaging. The follow-up results showed that the 
short-term and long-term biosafety and clinical feasibility of PDX biliary 

stent implantation, as well as the long-term patency, correlated well 
with expectations. At the median follow-up of 21 months, the clinical 
success rate of the biliary stent endoscopic implantation was 83%. 
However, 25% of the patients developed mild cholangitis during stent 
indwelling, while 17% of the patients developed restenosis. Factors such 
as slow degradation and rupturing of the stent may have caused inter-
mittent obstruction of bile flow and resulted in acute cholangitis [19]. In 
their previous esophageal studies, PDX stent implantation were 
considered to be associated with secondary epithelial hyperplasia and 
stricture [20]. 

Other research teams also conducted animal experiments or clinical 
trials using PDX biliary stents. In one of these studies, Giménez et al. 
evaluated 13 patients with hepaticojejunostomy stenosis who had 
received PDX biliary stent implantation; the follow-up period was an 
average of 20 months [21]. With the exception of one case of stenosis 
recurrence and one case of cholangitis, 84.6% of the patients were 
asymptomatic during the follow-up period. Furthermore, Battistel et al. 
carried out a postoperative evaluation of 18 patients with PDX biliary 
stent (ELLA-CS, Hradec Kralove, Czech Republic) implantation due to 
stenosis following liver transplantation [22]. The findings demonstrated 
the safety and effectiveness of the PDX stents. In addition, Mauri et al. 
monitored 107 cases of PDX biliary stent implantation for two years and 
deduced that the patency rate of stenosis exceeded 80% [23]. The results 
reconfirmed the safety of the procedure as no major complications had 
occurred. Moreover, the risk of minor complications was low. 

A fully biodegradable helical structured biliary stent ARCHI-
MEDES™ developed by Q3 Medical Devices Limited obtained CE cer-
tification in 2018 [24]. The biliary stents have been designed with three 
degradation rates (fast, medium, and slow) to meet various needs. In 
addition, BaSO4 is added into the stent material to make the stents 

Table 1 
Clinically available biliary stents.  

Brand Manufacturer Brief description Disadvantages Reference 

WallFlex™ Biliary RX 
Stents 

Boston scientific 1. Fully covered/partially covered/uncovered stent; 1. High incidence of epithelial hyperplasia; 
2. High incidence of Cholestasis; 
3. Hard to remove; 
4. Not ideal for patients with benign biliary 
strictures. 

[8] 
2. Self-expanding; 
3. Guide wire: 0.035 inch; 
4. The outer layer of the wire is nickel-titanium alloy and the 
inner core is platinum. 
5. The coating is Permalume™ 

HANAROSTENT® Biliary OLYMPUS 1. Main material: nickel-titanium alloy [86] 
2. Uncovered stent; 
3. Self-expanding; 
4. Guide wire: 0.025 or 0.035 inch; 
5. Hook-cross nitinol design; 
6. Large flare-ends. 

Niti-S™ D Biliary Stent Taewoong 
Medical 

1. Main material: nickel-titanium alloy; [87] 
2. Guide wire: 0.035 inch; 

DISCOVERY BILIARY™ Endocor 1. Main material: nitinol; [88]. 
2. Guide wire: 0.035 inch; 
3. Self-expanding; 
4. Open cell design; 
5. Tantalum markers on the inner catheter. 

Self-Expanding Nitinol 
Stents 

ENDO-FLEX 1. Partially silicone coating/no coating; 
2. Main material: nitinol; 
3. Tantalum markers 

[89] 

ParaMount™ Mini GPS™ Medtronic 1. Main material: 316L stainless steel [90] 
2. Tantalum markers; 
3. 6 F or 7 F guide catheter; 
4. Balloon-expandable; 

Advanix™ Biliary Stent Boston scientific 1. Material: polypropylene (20%BiOCl) 1. Limited sizes (diameter); 
2. Need to be replaced frequently due to bile 
sludge accumulation; 
3. Prone to cause acute cholangitis. 

[91] 
2. Thin wall design 
3. Tapered stent tip 
4. RX delivery system compatible 

PE 204 series ENDO-FLEX 1. Main material: polyethylene [92] 
2. Pigtail 

Cotton-Leung® Biliary 
Stent 

Cook Medical 1. Main material: polyethylene [93] 
2. Guide wire: 0.035 inch; 
3. Tapered tip; 
4. Proximal and distal flaps; 
5. Gentle curved shape;  

Fig. 3. The chemical structure of (A) PDX; (B) PLLA; (C) PLGA; (D) PCL.  
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radiopaque under X-rays. This variation in degradation rate was ach-
ieved by using different materials which are shown in Table 2 [21]. The 
materials used for the fast and medium degradation speed stent are 
mixtures which the main component is PDX. A single-center, prospective 
pilot study with 38 patients was conducted on this product [25]. A total 
of 53 stents were inserted over a guidewire through the working channel 
of a standard duodenoscope during ERCPs. Data from this study showed 
that ARCHIMEDES™ stents with all three degradation rates degraded as 
expected and presented excellent safety profile. Compared with the 
common plastic biliary stent, the ARCHIMEDES™ stent has better 
loadability, pushability and fluoroscopic visibility during stent place-
ment. The short-term follow-up results indicated that stent migration 
occurred in 9.4% of these cases, similar to fully covered self-expandable 
metal stents (FCSEMS). 

2.2. Polylactic acid (PLA) based polymers 

As mentioned above, although the PDX biliary stent (ELLA-CS, 
Hradec Kralove, Czech Republic) has shown promising results in small- 
scale clinical trials, the mechanical properties of PDX are still poor and 
its Young’s modulus is relatively low. These drawbacks could limit the 
application of PDX stents in complex biliary strictures. PLLA is a poly-
ester which has a chemical structure shown above (Fig. 3(B)). PLLA 
degrades through the ester bonds hydrolysis [26]. More recently, PLLA 
has been used in fabrication of biodegradable bone screw, bone plate, 
cardiovascular stents, and tissue engineering scaffolds due to its biode-
gradable properties [27–30]. PLLA stents have shown remarkable per-
formances in vascular and non-vascular lumen, and therefore PLLA has 
gained increasing interests as a potential material for biliary stents [76]. 

Tian et al. studied the changes in mechanical properties, surface 
morphology, and physicochemical properties of PLLA monofilaments in 
bile during degradation [31]. The study used bile extracted from the bile 
ducts of pigs. The PLLA biliary stents were braided by using extruded 
and then solid-state drawn filament. PDX stents were used as control. 
Tensile test showed that the Young’s modulus of PLLA monofilament is 
considerably higher than that of PDX suture, which indicates that PLLA 
monofilament have a stronger resistance to elastic deformation and 
provide better support to the stricture segments. In addition, the Young’s 
modulus of the PLLA monofilament suture did not change much during 
the degradation process. It was also found that the chronic outward 
force of the PDX stent was much lower than the PLLA stent, which 
confirmed that the PLLA stent has a superior supporting effect on the 
narrow part of biliary tract than the PDX stent. The surface morphology 
of these stents demonstrated that the PLLA monofilament was clear of 
any obvious cracks. Through analysis of the mass loss, molecular weight, 
and crystallinity changes of PLLA monofilament during degradation, it 
was found that PLLA monofilament showed almost no mass loss, its 
molecular weight only decreased by 17.4%, and the crystallinity 
increased slightly. These observations could explain why the PLLA 
monofilament maintains superior mechanical properties during the 
degradation process in bile. The PLLA monofilament is quite stable 
throughout the process. 

In another study, Meng et al. conducted a series of tests on the helical 
PLLA stent including animal experiments, the sludge attachment test, 
and the self-expansion test [5]. Experimental dogs underwent 

transection of the CBD to produce models of bile duct injury; 3 of these 
cases were sutured after implantation of stents, and 1 case was sutured 
without the use of stent. Examination of the 3 canine models showed 
that their γ-GT, ALP, and serum bilirubin values were not significantly 
different after stent implantation than before the transected common 
bile duct operation. Furthermore, these parameters were all at normal 
levels. The control canine model that had not received stent implanta-
tion had normal serum bilirubin level, but the ALP and γ-GT values had 
significantly increased. This canine model also showed symptoms of 
anorexia and jaundice. The cholangiogram from this canine model 
showed stenosis, but the symptoms disappeared following stent im-
plantation. These experimental dogs were sacrificed after 3 months. It 
was found that these stents have no stenosis, filling defects, and chole-
stasis. Therefore, it was concluded that these stents supported the bile 
ducts well. Histopathological examination of the bile duct epithelium 
found no inflammation or endothelial hyperplasia; furthermore, the 
stents were easily removed. 

Bile sludge formation on the stents is another clinical concern. The 
main components of bile sludge are calcium palmitate and bilirubin. The 
bile sludge attachment test was carried out by Meng et al. using bile 
taken from liver cancer patients [5]. In the study, polyethylene (PE) was 
used as the control sample. The PE samples and PLLA membranes were 
separately immersed in bile for 1, 2, 3, and 8 weeks. The scanning 
electron microscope (SEM) images showed that the PLLA sample 
adsorbed more bile sludge than the PE sample in the first two weeks of 
testing, but the bile sludge diminished from the third week due to the 
surface degradation of the PLLA sample. On a long-term basis, the bile 
sludge on the PLLA sample was significantly less than the bile sludge on 
the PE sample. These findings led to the proposal that PLLA has a 
self-cleaning effect in the bile duct. The results of the canine experiments 
also confirmed this hypothesis, as there was minimal bile sludge accu-
mulation on the biliary stents of the tested subjects. These observations 
are most likely due to the free COOH groups at the end of the molecular 
chain of PLLA combined with Ca2+, which promotes the attachment of 
palmitate and bilirubin. 

Poly(lactic-co-glycolic acid) (PLGA) is a kind of PLA-based polymers 
(Fig. 3(C)). The hydrolytic products of PLGA are lactic acid and glycolic 
acid, which can be removed by the body’s normal metabolism. The in 
vitro degradation experiment of PLGA stent (molar ratio LA/GA = 80/ 
20) in bile and related tests carried out by Xu et al. showed that the PLGA 
stent can stay in the body for 14–21 days, and its mechanical strength 
can be maintained for about 4 days [32]. The study carried out by 
Freudenberg et al. also demonstrated that PLGA stents have fast 
degradation rates in both bile and pancreatic juice [16]. The PLGA stent 
can provide short-term support for bile ducts. As a co-polymer, the 
degradation rate of PLGA can be increased by changing the ration of 
lactic acid and glycolic acid [33]. 

PLLA shows excellent mechanical properties and stability during the 
degradation in bile, and the resistance to attachment of sludge make it a 
serious contender. PLGA has only recently been considered for biliary 
stent preparation, and more studies need to be conducted to evaluate its 
feasibility. 

2.3. Polycaprolactone (PCL) and related materials 

Polycaprolactone (PCL) is a promising, absorbable material that has 
been used in the manufacture of bone implants and cardiovascular stents 
[34,35,71]. The good biocompatibility, non-toxicity, and biodegrad-
ability make it an ideal biomaterial [70]. PCL is a linear polyester (Fig. 3 
(D)) which has an ultra-low glass transition temperature (Tg = − 62 ◦C) 
and a low melting point (Tm = 57 ◦C). While bringing excellent me-
chanical properties, the low melting point also brings many application 
limitations to PCL, resulting it rarely used alone [34]. 

PCL is used mainly as the coating material for metallic or PDX biliary 
stents [36,77–79]. Chang et al. studied the in vitro degradation behavior 
of PCL film in bile. The PCL film incubated in bile did not show huge 

Table 2 
The material composition of the three different degradation rate stents of 
ARCHIMEDES™ [21].  

Degradation rate Material composition 

Fast (12 days) PDX, polyethylene glycol (PEG) and barium sulphate 
Medium (20 days) PDX and barium sulphate 
Slow (11 weeks) Poly (lactide-co-caprolactone-co-trimethylene carbonate) and 

barium sulphate  
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difference compared with the pristine PCL film. This phenomenon may 
be caused by the coverage of the emulsifier and emulsifying fats emul-
sified fat of bile on the surface of the PCL, which hinders the biodeg-
radation of PCL [37]. 

PCL can work with other materials to function as a biliary stent. Jang 
et al. assembled a 3D-printed paclitaxel-PCL stent with a bare metal 
nitinol stent to form a drug-eluting stent with two layers [69]. Guerra 
et al., produced a PCL/PLA composite stent that exhibited the properties 
of PLA and PCL respectively at different stages [34]. 

PCL can form copolymers with other monomers to obtain 
performance-enhanced materials. Furthermore, the biodegradable 
polymer in the slow degradation biliary stents ARCHIMEDES™ is poly 
(lactide-co-caprolactone-co-trimethylene carbonate). Poly (lactide-co- 
caprolactone-co-trimethylene carbonate) is a terpolymer of lactic acid, 
caprolactone and trimethylene carbonate. The degradation rate of PLLA 
is relatively quicker compared with PCL and poly (trimethylene car-
bonate) (PTMC). PTMC is very soft at 40–60 ◦C [38]. The degradation of 
PTMC is through a surface erosion mechanism, and its degradation in 
aqueous solution is extremely slow. When copolymerized with polyester 
materials such as PLLA and PCL, the structural stability and degradation 
of PTMC will be significantly improved. The copolymerization of these 
three materials makes them complementary to each other, forming a 
biodegradable material with adjustable degradation rate and tailored 
mechanical properties. There are also many studies showed that the poly 
(lactide-co-ε-caprolactone) can improve the properties of each single 
material [39]. 

Although there are few publications on the use of PCL and its related 
materials as the materials for making biliary stents, the excellent 
degradation and mechanical properties of PCL-based copolymers make 
it a good candidate for future applications. 

2.4. Biodegradable magnesium alloys 

In addition to polymer materials, biodegradable magnesium alloys 
are considered potential materials for biodegradable biliary stents due to 
their ecstatic performance in cardiovascular field [40]. 

A study on the corrosion resistance and degradation behavior of pure 
magnesium (Mg) and magnesium alloy WE43 in human bile demon-
strated that WE43 alloy is one of the strong candidate materials for the 
biliary stent. They found that both pure magnesium and WE43 alloys 
showed slower degradation rates in bile than in other body fluids, 
possibly due to the adhesion and aggregation of Mg (H2PO4) 2 on the 
surface. Compared with pure Mg, WE43 alloy has even slower degra-
dation rate and corrosion rate in human bile, which may be caused by 
more Mg (H2PO4)2 aggregation on the surface of WE43 alloy [41]. In 
addition, some researchers have recently showed through in vivo and in 
vitro experiments that the degradation products of Mg could signifi-
cantly inhibit the activities of bile duct-related cancer cells, providing a 
strong support for the use of biodegradable magnesium-based alloy 
stents for the treatment of biliary stricture [42]. 

Recently, UNITY-B, developed by Q3 Medical Devices Limited for 
treating biliary strictures, has obtained CE certification. UNITY-B is a 
balloon expandable biodegradable stent made from magnesium alloy- 
MgNdMn21 with a polymer coating on the surface. A clinical study on 
the safety and effectiveness of this product had also shown an excellent 
success rate as high as 94.4% [43]. However, its long term and 
real-world clinical application results still need to be seen. 

2.5. Comparison of the materials used in biliary stent 

At present, polymers and metals are the most studied biodegradable 
materials. As discussed before, most research has focused on materials 
that are well established in the vascular or non-vascular fields. To choose 
the proper materials, the degradation time of materials, surgical oper-
ation (direct placement or ERCP) and functional requirements (drainage 
or support) should be taken into consideration. Two CE certified 

products, ARCHIMEDES™and UNITY-B, are made of PDX and magne-
sium alloy respectively. However, these materials degrade relatively 
quick and lost their mechanical strength in a few weeks after implan-
tation, therefore, their safety and efficacy are still needed to be further 
confirmed in real world clinical applications. On the other hand, PLLA 
seems to exhibit superior mechanical properties than PDX and may be 
the ideal choice when longer mechanical support is required. There are 
relatively few studies on biodegradable PCL and PLGA, which means 
there are lots of space for future exploration. 

As summarized above, both biodegradable polymers and metals are 
used in making biliary stents with different characteristics. The com-
parison of the biodegradable materials used in biliary stent is shown 
below in Table 3. 

3. Future trends 

3.1. Drug-eluting biodegradable biliary stents 

When the bile duct becomes injured, local fibroblasts proliferate 
abnormally to the site and a large amount of collagen is synthesized, 
which can cause stenosis [49]. Therefore, drugs that can inhibit the 
proliferation of fibroblasts and regulate collagen metabolism could 
potentially prevent and treat biliary stricture. Paclitaxel (PTX) is an 
FDA-approved anti-tumor drug. It is commonly used in clinical settings 
to treat breast cancer, esophageal cancer, rectal cancer, and other ma-
lignant diseases [50]. It also has been used as an antiproliferation drug 
on cardiovascular stents to prevent restenosis [51]. Several reports have 
shown reduced anastomotic fibrosis and inhibited biliary stricture as a 
result of PTX administration. Wang studied the inhibitory effect of 
paclitaxel-N-succinyl hydroxyethyl chitosan (PTX-Suc-HECTS) 
sustained-release film on bile duct scarring in rabbits and found that 
early local application of PTX-Suc-HECTS effectively prevented the 
abnormal proliferation of fibroblasts, which consequently restricted scar 
stenosis after bile duct suture [52]. Jang et al. also obtained promising 
results following the safety evaluation of a drug delivery system in the 
porcine biliary tract, whereby a metal stent covered with paclitaxel 
membrane (MSCPM-III) was implanted. But they also reported that 
there was no significant difference in stent patency and patient survival 
between the MSCPM group and the control group [53,54]. In addition to 
PTX, there are other drugs that could potentially inhibit biliary stricture, 
such as gemcitabine, rapamycin, and mitomycin-C. Gemcitabine is the 
standard chemotherapy drug used to treat advanced pancreatic cancer 
and cholangiocarcinoma. The degradation time of gemcitabine 
controlled-release polyurethane (PU)/polytetrafluoroethylene (PTFE) 
film is approximately 30 days [55]. Whilst the safety of gemcitabine in 
porcine bile ducts has been confirmed [56], there is currently a lack of 
relevant evidence from human clinical studies. Xiao et al. developed a 
metallic biliary stent coated with gemcitabine (GEM) plus cisplatin 
(CIS). This stent has been initially confirmed to have continuous local 
drug release and effective anti-tumor properties. The combination of 
GEM and CIS provides an excellent performance beyond the single GEM 
or CIS drug. The release of GEM played the leading role at the early 
stage, while the release of CIS subsequently ensured the maintenance of 
long-term anti-tumor effects [57]. Rapamycin is an anti-proliferation 
immunosuppressant. Chong et al. have found that rapamycin can 
inhibit the formation of stenosis in the rabbit urethra, possibly by 
inhibiting the proliferation of fibroblasts and/or collagen expression 
[58]. It is reported that rapamycin significantly inhibited hepatic 
fibrosis [59]. Mitomycin-C is an antibiotic chemotherapeutic agent, 
which inhibits RNA synthesis, as well as the rapid proliferation of fi-
broblasts and epithelial cells. Subsequently, protein expression is 
diminished and the incidence of scarring reduces [60]. 

3.2. 3D printed biliary stents 

Additive manufacturing or 3D printing has been used in fabrication 
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of various tissue engineering scaffolds with controlled pore size and 
porous structures [61,62]. 3D printing combines computer-aided design, 
material processing and computer aided manufacturing technology, 
converts digital model files into machine-recognizable code through 
software and numerical control system to “print” or make 3D objects. 
Compared with laser cutting technology, which is commonly used to 
prepare cardiovascular stents, 3D printing has the outstanding capa-
bility to print scaffolds with complex structures. The choice of materials 
for 3D printing can range from polymers and composites to metal and 
alloys. Among many types of 3D printing technologies, such as fused 
deposition modelling (FDM), inkjet printing, stereolithography (SLA) 
[63], a 3D 4-axial printing (3D4P) technology has shown promise in 
producing bioresorbable PLLA coronary stents [64]. Unlike other 
traditional 3D printing technologies which are based on a layer by layer 
fabrication fashion, the 3D4P technology is a technology that prints 
materials on a rotation mandrel (Fig. 4) and has been used in producing 
bioresorbable scaffolds for trachea tissue engineering [65]. One of the 
major advantages of this 3D4P technology is that it has an extremely 
high efficiency in producing porous tubular scaffolds because it greatly 
reduces the number of layers needed to produce a tubular scaffold. 3D4P 
also has been used to print biodegradable peripheral stents using novel 
biodegradable copolymers, such as Poly(TMC-b-(LLA-ran-GA)) [66,67]. 
It is therefore anticipated that 3D4P will be a promising fabrication 
technology for developing biliary stents. 

3.3. Tissue engineered biliary stents 

Tissue engineering principles have been applied to develop better 
tubular stents to improve their integration with host tissue and obtained 
a nature living tissue surface. Recently, a review has summarized the 
literature on the application of tissue-engineered endothelialised stents 
to reduce stent thrombosis of coronary and peripheral stents after im-
plantation [80], indicating that tissue engineering approach is a possible 
solution to tubular structure tissue regeneration. 

For biliary stents, Boyer et al. explored a bioengineered approach in 
which they used 3D printed scaffold impregnated with stem cells as bio- 
synthetic biliary stents aimed at preventing biofilm formation and stents 
obstruction [68]. Biofilm formation is one of the major causes of biliary 
‘sludge’ formation that ultimately leads to the loss of stent patency. In a 
proof-of-concept research, a poly(vinyl alcohol) (PVA) stent was 3D 
printed and crosslinked with glutaraldehyde. Then the stents were 
infused with collagen, human placental mesenchymal stem cells 
(PMSCs), and cholangiocytes. Through swelling analysis and a series of 
cell experiments, the feasibility of bio-integrating biliary stents was 
confirmed. Although PVA is non-degradable, this biosynthesized living 
biliary stent brings a new concept in the development of ideal biliary 
stents. 

Other biodegradable materials have been used in developing tissue- 
engineered bile ducts scaffolds as a treatment of biliary diseases, such as 
postoperative biliary tract injury, stricture and biliary leakage [83]. A 
copolymer of PLLA and PCL scaffold was made and reinforced with 
polyglycolic acid (PGA) fibers. The scaffolds were designed to be 
absorbed in the body within six to eight weeks [81,82]. One hour after 
seeding the scaffold with bone marrow cells, the artificial duct was 
implanted as a bypass graft into the extrahepatic bile duct in each of the 
pigs from which bone marrow cells had been collected. The graft site 
was harvested six months after implantation and subjected to macro-
scopy and histology analysis. Histology study showed that the neo-bile 
duct was almost similar to the native common bile duct in 
morphology. The study results showed that the tubular artificial bile 
duct, a substitute for extrahepatic bile duct, could carry bile to the du-
odenum without any leakage in the peritoneal. 

Both PCL and PLGA polymers were used to fabricate bilayered 
scaffolds for seeding with human bone marrow-derived mesenchymal 
stem cells (hMSCs), cell seeded scaffolds were then transplanted into 18 
pigs for evaluation its efficacy on bile duct repairing, respectively. 
During the animal study, there were no signs of bile duct narrowing and 
cholestasis in all experimental animals. At the end of 6 months, the cell 
seeded scaffolds showed superior repairing effect on the bile duct injury 
as compared to the blank PCL/PLGA scaffolds [83]. 

Autologous tissue, instead of cells, can also be used together with a 
novel biodegradable polymer stents to regenerate bile duct. A biode-
gradable copolymer poly [sebacic acid-co-(1,3-propanediol)-co-(1,2- 
propanediol) was used to fabricate a novel biodegradable biliary 
stents. The stents were used to reconstruct minipig’s common bile duct 
(CBD) by duct to duct anastomosis and covered with a vascularized 
greater omentum. No severe CBD dilation and stricture were observed at 
both months 1 and 3. There were also no sign of necrosis, bile duct 
stricture, bile leakage or abdominal abscess was found at month 3 
postoperatively [94]. 

Overall, tissue engineering approach showed promising preliminary 
results. However, it is still in a very early stage and its long term safety 
and efficacy still remain to be seen. 

Table 3 
Comparison of the materials used in biliary stent.  

Material Degradation 
product 

Degradation time in bile Mechanical properties retention  
time in bile 

Animal test Clinical trial Brand (suture/stent) Reference 

PLGA 
(80/20) 

lactic acid, 
glycolic acid 

2–3 weeks 4 days safe and effective 
(canine model) 

/ Polysorb®,Vicryl®,Vicryl rap® [16,32] 

PGA glycolic acid 2 months 1 week / / / [44,45] 
PDX glyoxylic acid, glycine 3–5 months 3 months safe and effective 

(porcine model) 
safe and effective ARCHIMEDES™, ELLA-CS® [18,45] 

PLLA lactic acid >9 months >8 weeks safe and effective 
(canine model) 

/ / [46] 

PCL hydroxycaproic acid >70 days / / / / [37,47,48] 
WE43 

(Mg) 
Mg(H2PO4)2 / >60 days / safe and effective UNITY-B™ [41,43] 

PLGA: poly l-lactide-co-glycolide; PGA: poly(glyoxylic acid); PDX: Polydioxanone; PLLA: Poly(L-lactic acid); PCL: Polycaprolactone; Mg: magnesium. 

Fig. 4. An illustration of 3D4P technology.  
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4. Conclusions 

The clinical use of biodegradable stents has shown promising results. 
However, this is just the beginning of the biodegradable stent era, and 
improvements are still needed for currently available stents on the 
markets in terms of material degradation rate and mechanical support. 
An additional desirable property of the stents is their ability to locally 
deliver anti-tumor or anti-inflammatory therapeutic agents that can 
treat and restore the diseased biliary ducts to their normal state quickly, 
e.g. stents that can elute therapeutic reagents from their surface coating 
(similar to drug eluting cardiovascular stents) or from their bulk stent 
material. As a more efficient fabrication technology, 3D printing may 
produce a more affordable device for both a patient and a health care 
system. 

In summary, the development of biodegradable biliary stent is still in 
its infancy stage. It is expected that more innovative technologies will be 
applied in developing new biodegradable biliary stents. These technol-
ogies may include new biodegradable materials, novel stent structure 
designs, advanced stent fabrication methods and drug delivery 
technologies. 
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