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Abstract.
BACKGROUND: Endoscopic transpapillary stenting is commonly performed in patients with obstructive jaundice caused by a
biliary stricture. Although the plastic stent (PS) is widely used for biliary drainage because of the low-cost and easy procedure,
patency is short after placement in the bile duct because of the small diameter. Dysfunction of PS is primarily caused by biliary
sludge that forms as a result of bacterial adhesion and subsequent biofilm formation on the inner surface of the stent. It is well
known that silver ions have excellent antibacterial activity against a wide range of microorganisms.
OBJECTIVE: This review provides an overview and perspective of the significance of silver-coated biliary stents.
METHODS: We collected literature regarding silver-coated biliary stents, reviewed the current research/development status and
discussed their possible usefulness.
RESULTS: To date, several in vivo/vitro studies evaluated the patency of silver-blended or silver-coated biliary stents. These
studies suggested that the silver coating on a PS was likely to prolong the patency period.
CONCLUSION: The development of biliary stents using silver is expected to prolong stent patency and prevent frequent stent
replacement.
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1. Introduction

Biliary tract obstruction caused by biliary tract cancer, pancreatic head cancer, and bile duct stones
causes jaundice and with bacterial infection can cause acute cholangitis, which can result in serious out-
comes depending on the circumstances (Fig. 1). Therefore, patients with obstructive jaundice (irrespective
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Fig. 1. Diagram of the hepatobiliary system. Each disease causes the obstruction of the bile duct.

of the presence or absence of infection) are generally treated with endoscopic biliary stenting with a
stent placed endoscopically via the duodenal papilla. If the patient’s condition is resectable, the stent can
be temporarily placed until the day of surgery; however, in the event of obstructive jaundice caused by
unresectable neoplastic lesions, a permanent stent is placed. In such instances, a plastic stent (PS, Fig. 2)
or self-expandable metal stent (SEMS, Fig. 3) is used. Although PSs are inexpensive and technically easy
to use, they become easily obstructed as they have a narrow lumen. In contrast, SEMSs have a wide
lumen and are less likely to become obstructed; however, they are expensive and pose a problem in terms
of medical economics. The cause of stent obstruction is biofilm formation as a result of infection within
the stent, i.e. if biofilm formation can be inhibited through some type of antibacterial action (such as
silver), long-term patency could be achieved even with PSs that have a narrow diameter. In this paper, we
reviewed literature on the significance and efficacy of silver-coated biliary stents.

2. Biliary stent occlusion in patients with obstructive jaundice

The major limitation of endoscopic stent placement is stent occlusion. It has been reported that the
median patency period of PS ranges from 80 days to 126 days [1,2] and stent exchanges are often needed
at intervals of approximately 3 months to prevent stent occlusion even if the PS remains functional [3].
Compared with PSs, SEMSs have the benefits of prolongation of the stent patency period. Therefore,
SEMSs aremore often used than PSs for patients who are expected to survive formore than 3months [4,5].
However, in benign biliary strictures, the average unobstructed period is approximately 6–9 months,
whereas the average period for malignant biliary obstructions is 4–8 months [3].

According to previous studies, stent occlusion is caused by the deposition of biliary sludge, which is
composed of cholesterol crystals, calcium bilirubinate and palmitate, bacteria and/or fungi, microbial
byproducts, proteins, dietary fibers, and glycoproteins [6–8]. In vitro studies suggest that bacterial
adhesion is the driving force of sludge development [9,10]. In particular, bacterial infection and biofilm
formation on the surface of biliary stents are the main factors in stent occlusion. When a stent is placed
in the bile duct, bacteria attach to the stent surface by means of their pili and/or glycocalyx to form a
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Fig. 2. Biliary plastic stent (PS), straight type with double flaps (Advanix J®, Boston Scientific Japan, Tokyo). PS is easy to
place, but the patency period is short because of the small diameter and biofilm formation.

Fig. 3. Biliary self-expandable metal stent (SEMS) with silicon cover (HANAROSTENT®, Boston Scientific Japan, Tokyo).
SEMS has large diameter and long patency period, but the cost is high.

biofilm [11]. Biofilms formed inside the biliary stents consist of a mixed spectrum of bacterial communi-
ties [12]. Most of these bacteria, generally originating from the enterocolon, are uncultivable by standard
culture methods. Schneider et al. [13] analyzed the spectrum and number of biliarymicroorganisms on the
surface of stents in relation to sludge. In their study, the most prevalent microorganisms were Enterococcus
species (spp.) (22%), followed by Klebsiella spp. (10%) and Candida spp. (8%). Colonization of the stents
mainly began with aerobic gram-positive bacteria (88%) and Candida spp. (51%), whereas stents with an
indwelling period of 60 days showed an almost equal colonization rate of aerobic gram-negative (96%)
and aerobic gram-positive bacteria (99%) and a high proportion of anaerobes (69%).

β-glucuronidase and lecithinase (or phospholipase C) enzymatic activities of colonizing microor-
ganisms lead to the precipitation of calcium bilirubinate and palmitate, thereby contributing to sludge
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Fig. 4. Biofilm on the surface of a plastic stent observed with the scanning electron microscope (×3000). The meshwork-like
structures around the bacteria, characteristic of biofilm-forming bacteria.

accumulation within the biliary system followed by stent occlusion [9,10]. Thus, prevention of bacterial
infection before the formation of bacterial biofilms on the surface of the stent is critical to achieve long-
term stent patency.

3. Biofilm as the cause of stent occlusion

In nature, unicellular bacteria prefer to accumulate to form a surface-attached multicellular consortium
called a biofilm rather than live as isolated planktonic cells [14]. Biofilm refers to the complex, sessile
communities of microbes found either attached to a surface or buried firmly in an extracellular matrix as
aggregates (Fig. 4).

In the natural setting, bacteria composed of a single species are seldom found in biofilms, and most
biofilms are multispecies consortia with a synergistic effect on biofilm formation [15]. Biofilm formation
is a common phenomenon in which virtually every material that comes into contact with naturally
occurring fluids becomes rapidly covered with bacteria [16,17]. Biofilms are composed of bacterial cells
attached to a biotic or abiotic surface and extracellular polymeric substances excreted by the participant
cells. Cells within biofilms are distinct from planktonic cells both physiologically and genetically. The
gene expression profile of biofilm-associated cells is significantly different from that of planktonic
cells [18–21]. According to the previous literature, in a gene expression profile study of Escherichia coli,
the transcription of 38% of the genes was affected within biofilms [20]. Biofilms provide bacteria with
various survival and metabolic advantages over the planktonic form. By forming biofilms, bacteria can
avail themselves of various survival and metabolic advantages, including survival in a nutrient-deprived
environment, resistance to environmental stresses, resistance to biocides and antibiotics, and better
abilities for the acquisition of foreign genes [22–24]. Regarding biofilm formation, Lübbert et al. [25]
reported that enterococci play a significant role inmicrobial colonization of biliary stents. Additionally, Yu
et al. [26] reported the attachment of fibronectin to the inner surface of the stents within 24 h of exposure
to bile. Another contributing factor is the bile immunoglobulin–bacteria complex, which further promotes
the binding of bacteria to the inner surface of the stents [27]. In patients with cholangitis, in which these
factors are expected to be high, there are higher risks of biofilm formation and stent occlusion.
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4. Function of silver ions in antimicrobial activity

One area of rapidly growing interest in the development of new antimicrobials is the use of nanoparticles
coupled with metals. Several methods have been proposed to prevent biofilm formation, but none
have yielded promising results except silver, which has a durable antibacterial effect. Silver has shown
antimicrobial activity against a wide range of microorganisms. Therefore, silver-based nanomaterials are
being used for their bactericidal activity. Compared to antibiotics, silver acts more broadly against a wide
range of bacteria, and microbes without intrinsic resistance cannot gain resistance [28,29]. Silver acts
by binding to membranes, enzymes, and nucleic acids. Consequently, the respiratory chain is inhibited;
therefore, the aerobic metabolism of microorganisms is disturbed. Antibacterial effects are directly
proportional to silver concentrations and therefore directly depend on silver release into the surrounding
environment [30,31]. Several studies have confirmed higher bactericidal potency of silver against gram-
negative bacteria compared with that against gram-positive bacteria [32,33]. Additionally, in 2003, Burrell
reported that if a silver ion solution of 60 ppm is used, most bacteria and fungi can be controlled.
Furthermore, the same study revealed that silver preparations are extremely effective against Pseudomonas
aeruginosa, a pathogenic bacteria of nosocomial and opportunistic infections, and silver was considered
a therapeutic agent that was as highly effective as antibiotics [34].

5. Medical devices utilizing silver ions

As mentioned above, the antimicrobial action of silver ions is promising, and they have been used
to date in various pharmaceuticals for medical treatment. Recently, several new antibacterial materials
and catheters have been studied and developed to counteract biofilm. Because the silver ion causes a
dramatic decrease in biofilm bioactivity measured by an ATP bioluminescence assay, the silver ions are
more effective against biofilm-forming bacteria at an extremely low concentration compared with other
antibacterial agents, and most types of antibacterial catheters developed and sold in the market apply the
antibacterial action of silver ions [35].

With regard to biliary stents, in 1992, Leung et al. [36] compared the number of bacteria on the surface
of PS with silver coating against that on the surface of PS without silver coating and found that in vitro,
bacterial adhesion on silver-coated PS was broadly reduced by 10–100-fold in a dose-dependent manner,
which suggested that the silver coating was effective against stent obstruction. Although no extensive
studies were subsequently conducted for some time, in 2016, Wen et al. [37] established a model of
bacterial cholangitis in pigs and, upon placing a silver-coated stent, confirmed its effectiveness. In this
study, a significantly lower inflammatory response was observed in the group with silver-coated stent
than in the group without silver-coated stent, and electron microscopy clearly revealed that fewer bacteria
adhered to the stent surface. We have also reported the effectiveness of silver ion-coated PS in a theoretical
study [38], and similar to the study by Wen et al., we found minimal bacterial adhesion on the surface of
silver ion-coated stents, with only several cells found and no meshwork or biofilm formation observed.
Wen et al. conducted an examination in a short period of 1 or 7 days after stent placement; however, we
performed our culture after the stent was soaked in infected bile over a long period, i.e., 4 weeks, and
even after such a long period, no bacterial adhesion as noted on the surface of the silver-coated stent,
which suggested that stent patency could be achieved over a long period. Furthermore, Yang et al. [39]
developed a novel biliary stent coated with silver nanoparticles (AgNPs) and investigated its function using
pigs in vitro and in vivo. In vitro antibacterial experiments indicated that the AgNP-coated biliary stent
exhibited highly efficient antibacterial activity and strong, broad-spectrum antibacterial function in both
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the short and long term. Importantly, the use of the AgNP-coated biliary stent significantly prolonged
the unobstructed period of the biliary system and improved survival in preclinical studies as a result
of its antimicrobial activity and decreased granular tissue formation on the surface of the anastomotic
biliary structure, providing a novel and effective treatment strategy for symptomatic biliary strictures.
The effectiveness of the silver coating on SEMS has also been examined. Lee et al. [40] reported that
silver particle (Ag-P)-integrated silicone polymer-covered SEMS reduced biofilm or sludge formation and
stent-related pathologic changes in the bile duct and had a long-term antibacterial effect. Smaller-diameter
stents have a higher risk of occlusion due to biofilm formation. A larger diameter entails greater bile flow
velocity and subsequently less predisposition to bile salt precipitation, protein accumulation, and biofilm
formation. Thus, large-diameter stents have always been better than smaller-diameter stents in terms of
durability [41], and one of the major advantages of metallic stents is in fact its large diameter [42].

A concern with the use of silver-coated PS in the human biliary system is the possible gut absorption of
the silver released in bile. Ag-Ps are toxic to mammalian cells, as reported in various in vitro studies [43–
45]. In 1995, Suzuki [46] examined the antibacterial effect and safety of stents containing silver. The study
revealed that the antibacterial effect of stents with a silver content of 0.04 wt% was ineffective in many
patients, whereas a silver content of 1.5 wt% was effective in several patients, and that the antibacterial
activity increased with an increase in silver content. Furthermore, the total amount of silver elution soaked
up by bile collected with stents containing silver has been examined in a theoretical and experimental
study. The study revealed that when trial stents containing 1.5 wt% of silver were soaked in bile for 5
months, the total amount of silver elusionwas 0.0026 ppm,whereaswhen a trial stent containing 0.04 wt%
of silver was soaked in bile for 6 months, trace amounts of 0.0012 ppm were found. Furthermore, Liu
et al. [47] evaluatedAgNPs for antibacterial activities and cytotoxicity. They reported that the antibacterial
activity of AgNPs against Escherichia coli started at the effective concentration of 0.1–1 ppm, while that
against Staphylococcus aureus started at higher concentrations of 1–10 ppm. AgNPs of smaller sizes had
better antibacterial properties but higher cytotoxicity. In contrast, they also reported that silver ions were
strongly bactericidal at a concentration of 0.1 ppm, and significant cytotoxicity was detected at higher
concentrations (10 ppm) of small-sized AgNPs, but not at 1 ppm. To investigate the effect duration of the
AgNP biliary stent, Yang et al. [39] conducted a Ag+ release experiment through measurements of Ag+
concentration using inductively-coupled plasma mass spectrometry. They found that the concentration of
Ag+ release of biliary stent coated with AgNPs achieved the maximum (8.52 ± 0.81 μg/L) on the first
day, was significantly decreased during the initial 10 days (2.86 ± 0.58 μg/L), and then gradually reduced
at 20, 30, 45, and 60 days, corresponding to 2.53 ± 0.46, 2.39 ± 0.29, 2.07 ± 0.23, and 1.81 ± 0.17 μg/L,
respectively. These data indicated that the Ag+ release in the AgNP-coated biliary stent was an effective
and slow process. Based on these results, it has been found in vitro that, in stents containing silver at
a concentration with antibacterial action and silver-coated stents, silver elution is at a level that does not
cause cellular damage. In vivo, silver ions that leak from biliary stents pose a problemwhen absorbed from
the intestinal tract; however, according to Leung et al. [48], there is little absorption via the intestinal tract,
and even if absorbed for a long period, the only problem is argyria. This is unlikely to be a serious problem
for patients with malignant disease and limited prognosis. While there are no reports on the toxicity of
silver absorbed via the intestinal tract in humans, Lee et al. investigated the efficacy and safety of SEMSs
covered with a silicone membrane containing integrated 250-nm Ag-Ps using pigs. They found that no
Ag-Ps indicative of systemic absorption were isolated from the serum in vitro or in vivo [49].

Asmentioned above, the silver-based bile duct stents have been studied. However, they have not yet been
put into practical use. Although the silver coating on a plastic stent is likely to prolong the patency period,
the period may be limited because of the small diameter. The past controlled studies showed SEMS had
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remained patent up to a median of 9 months [2,4,50,51]. PS is extremely inexpensive compared to SEMS,
and reintervention is easily performed in the event of PS occlusion. As such, if the patency period of PS
using silver is at least equivalent to SEMS, PS using silver would be recommended as the first choice in
the treatment of biliary obstruction. Therefore, we must carry out research and development so that even
PS with a small diameter can have a patency period of at least nine months. Although the silver-coated
SEMS seems ideal, high prices are likely to be a significant obstacle to practical use. In the future, it may
be ideal to use silver-coated PS and silver-coated SEMS properly according to the prognosis of the patient.

6. Conclusions

This review article summarizes previous studies of the biliary stent applying the antibacterial activity
of silver. The development of biliary stents using silver is expected to prolong stent patency and prevent
frequent stent replacement. At present, silver-based bile duct stents have not yet been put into practical use,
however we believe that this research and development will greatly contribute to improving the patient’s
quality of life and cost-effectiveness of the treatment as the medical economy.
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